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Abstract
A combined computational and experimental study has been undertaken to 
understand the influence o f cations on zeolite growth. Li-A(BW) and Na-J(BW) have 
different topologies but are synthesised from almost identical starting ingredients, the 
alkali metal being the only variable. A comparative study of these two zeolites 
therefore allows the effects o f the cations upon nucléation and crystallisation 
processes to be directly inferred.
We report the minimum energy structures o f Li-A(BW) and Na-J(BW) 
obtained by application o f an atomistic and a plane-wave DFT approach together 
with a synthetic study. The synthesis was prompted by inconsistencies between the 
calculated hydrated Na^ positions o f Na-J(BW) and those determined from previous 
experimental work. With support o f molecular dynamics simulations, we present a 
re-determination o f the cation positions, which are found to be temperature 
dependent.
Atomistic surface simulations suggest that Li-A(BW) crystal surfaces may be 
assembled by preferential attachment o f single 4-rings (4MR), and Na-J(BW) 
surfaces by smaller monomeric and dimeric species. Simulation o f aluminosilicate 
oligomers, by application o f DFT, predict the most thermodynamically favourable 
oligomerisation pathways in the presence of each cation at pH and temperatures 
representative of different phases during zeolite growth. At higher pH we observe 
more pronounced cation selectivity, and a shift in the preference for high-Al to low- 
A1 oligomers. The formation o f 4MRs is reported to be thermodynamically more 
favourable in the presence o f lithium, with smaller oligomers being more dominant 
in the presence o f sodium, which correlates to the species required for the growth o f 
Li-A(BW) and Na-J(BW), respectively. Entropie factors are found to drive ring 
formation and disfavour polymerisation, observed to have a greater contribution with 
increasing temperature. We propose a mechanism for 4MR formation, identified as 
the thermodynamically most favourable product after dimérisation. Thus, we provide 
evidence o f how the populations o f solution phase oligomers are influenced by the 
presence o f different cations, explaining the observed “structure-directing” effect of 
cations.
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Each line depicts a T-O-T (T=tetrahedral species Si, Al) bond with an oxygen atom 
lying in the centre o f each line. The negative charge on each fragment is equal to the 
number o f aluminium T atoms, balanced by an equal number o f cations (C^=Li^, 
Na^), omitted from the figures and tables (for oligomers larger than the monomer 
units) for clarity. The charge label for each oligomer corresponds to the degree of 
deprotonation (i.e. number o f -O ' groups). For example, [4MR-2A1] = a singly
deprotonated high-Al 4MR with two coordinated cations.
Oligomer condensation pathways
The coordinated cations, charges, terminating hydroxyl groups and bridging oxygen 
atoms (which lie in the centre o f each line between two T atoms) are omitted from 
the figures for clarity. Values above the reaction arrows correspond to the formation 
of fragments in the presence o f lithium, noted in blue, and those below the arrows 
correspond to that in the presence o f sodium, denoted in purple.
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Chapter 1: Introduction to Crystal Growth
1.0. Overview
The details o f exactly how natural and synthetic zeolite crystals grow are a 
case o f ongoing debate. With a desire to gain control over the synthesis o f new 
materials and thus control over the novel properties and applications, further insights 
into the mechanism of crystal growth is invaluable. Elucidation of the mechanism 
therefore remains a major topic in current zeolite science. Many synthetic chemists 
have focussed on the diversity o f new structures and compositions, often through the 
use of organic templates, partly driven by the desire to expand the number o f 
potential applications. Information on the mechanism by which the different factors 
affect crystal growth and the basic mechanism o f crystal growth however has been 
rather limited, mainly due to the many competing factors at work and the sensitive 
equilibria in which solution fragments exist. Moreover, the experimental conditions 
under which crystallisation occurs are difficult to study experimentally.
The approaches recently applied to clarify the mechanism of crystal growth 
include different forms of microscopy o f the grown crystals and the use of diffraction 
and spectroscopy to identify the oligomeric species in solution with respect to time, 
from the initial mixing o f the source ingredients to the filtration o f the formed 
crystals. Computational methods have also been applied, focusing on the formation 
energetics and reactivity o f oligomeric species thought to be in solution and their 
interaction with crystal surfaces. This chapter presents a short introduction to zeolites 
and the experimental and simulation works investigating the mechanism o f crystal 
growth.
1.1. Zeolites - A brief history
Found in nature in areas surrounding volcanic rock and the banks o f salty 
lakes, some natural zeolites were initially regarded semi-precious and used for 
jewellery. Two such zeolites, still used as gemstones today due to their colour and 
textures, are Thomsonite, a unique colouring and texture of which found in the
22
limited area of Minnesota’s (USA) Lake Superior’s shoreline (Fig. 1.0), and 
Lazurite, more commonly known as Lapis Lazuli (Fig. 1.0), which can be found on 
the mountains of Afghanistan. More common applications of zeolites however are 
more a consequence o f their internal properties as well as their external form.
e
9 1
Figure 1.0: (a) Thomsonite, the colour and texture o f  which is due to the copper and iron compounds 
within the pores[l], (b) Lapis Lazuli[2] and (c) Thomsonite, translucent or snow white in its pure 
form[3].
The general definition of a zeolite is as a crystalline aluminosilicate material 
with an open three-dimensional pore network o f specific sizes and shapes. The 
selective accommodation of molecules into the micro-pores (< 20Â) of zeolites 
forms the basis of their applications in industry as molecular sieves, shape selective 
catalysts, sorbents, and chemical sensors, amongst others[4-7]. The hydrophilic 
nature of aluminosilicate zeolites was one of the first of many properties that was 
industrially exploited by their use as refrigerant desiccants and in the drying and 
sweetening (removal of hydrogen sulphide, H]S) of natural gas.
The relatively easy uptake and loss of water from within zeolite pores was 
observed by the discovery and consequential experiments carried out on the first 
identified mineral zeolite, stilbite. The Swedish mineralogist A.F.Cronstedt in 
1756[4, 8] discovered that when heated in a blowpipe, stilbite gave off steam, an 
effect known as intumescence. Consequently he named the new mineral ‘zeolite’, 
which from the Greek language, translates to ‘a boiling stone’[4, 5].
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Charge balancing cations may also reside within the zeolite pores, the facile 
exchange of which extends the applications o f zeolites as refinery catalysts and water 
softeners [4].
The first claim o f a synthetic zeolite was in 1862 by St Claire Deville[9] who 
reported to have synthesised Levynite. In the years preceding the routine use o f X- 
ray diffraction (XRD) (pre-1940s), several claims to have synthesised zeolites were 
made by Breck[10], using optical and chemical analysis. The first synthetic zeolite 
structures fully characterised using XRD, as well as chemical analysis and their 
optical properties, were reported by Barrer in the 1940s, a pioneer in zeolite science. 
The work o f Barrer focussed on the synthesis o f natural zeolites in the laboratory by 
attempting to simulate natural synthesis conditions; high temperature and pressure, 
hydrothermal synthesis. The properties and hence potential applications o f zeolites 
identified around this time prompted attempts by industry to prepare new materials 
resulting in the synthesis of numerous synthetic zeolites.
Most notable is the work by Milton starting in the 1940s (in the Linde 
Division of Union Carbide Corporation), who synthesised zeolites under milder 
hydrothermal conditions (<100°C) leading to the discovery of Zeolite A [11], the first 
example o f the synthesis of a new zeolite structure unknown as a natural mineral, and 
zeolite X[12], whose natural counterpart is the mineral Faujasite. In following years, 
the number of zeolites synthesised in the laboratory increased significantly and led to 
the formation of numerous new zeolites. The ever growing number of known zeolite 
structures is currently in excess o f 170 framework types[13], o f which less than 50 
are known to occur naturally. An addition o f over 3 million hypothetical zeolite 
structures have also been proposed[14].
The potential applications of zeolites afford research into understanding the 
crystallisation process and manipulating their synthesis parameters to tailor-make 
zeolites. The following sections briefly define zeolitic materials and discuss how 
they are formed, focussing on the factors that affect the internal and external 
structure, and thus the functionality of zeolites.
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1.2. Zeolite classification
4-  4-
Figure 1.1: Image o f  (a) a framework structure (LTA) with (b) a 4-ring section highlighted and 
enlarged to show Al-O-Si linkages, (c) 4-ring SBU, formed by condensation o f  (d) TO4  units (T=Si, 
Al). Oxygen bridges are not shown in (a) and (b) for simplicity, comers represent T atoms and the 
oxygen linkages are halfway between neighbouring T atoms, shown above (c). Colour coding is as 
defined in the Key to Figures and Tables, p. 19.
The generally accepted definition of a zeolite is a crystalline aluminosilicate 
with the empirical formula M2/n0 .Al203.%Si0 2 .yH2 0 [4 , 5]. When translationally 
repeated, these units form an extended open 3D framework of symmetrically stacked 
comer sharing A104 ‘^ and S iO /' tetrahedra (Fig. 1.1). The A104 '^ units possess an 
extra negative charge compared to the silicate units and thereby determine the 
framework charge, balanced by the accommodation of exchangeable cations within 
the zeolite cavities. With respect to the empirical formula above, the cation valancy 
is denoted as n and y is the degree of hydration. According to Loewenstein’s mle[15] 
Al-O-Al linkages are forbidden due to electrostatic and steric reasons resulting in the 
Si/Al ratio never occurring below 1, and hence )(> 2. In contrast, purely siliceous 
zeolites are neutral and thus do not have cations within the pore cavities as part of the 
zeolite structure.
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Adaptations o f the empirical formula also exist in which elements other than 
Si (or Al) are present alongside Al (or Si). Such materials are termed zeotypes. 
Examples o f such materials are aluminophosphate (AlPO)[16], in which P exists in 
place o f Si, and titanosilicates (such as ETS-10[17, 18]) in which titanium is present 
in place of silicon. The presence o f an alternative metal introduces compositional and 
structural diversity and hence new properties, further extending the applications of 
zeolites.
1.3. ‘Molecular Sieves’
Zeolites are also classified as molecular sieves. This definition, proposed by 
McBain[19] in 1932, defines ‘molecular sieves’ as materials that exhibit selective 
sorption properties towards separate components o f a mixture, on the basis o f 
molecular size and shape. By McBain’s definition “molecular sieves” refer to both 
microporous (zeolitic) and mesoporous materials. As their names imply, these porous 
materials possess small (<10Â) and large (>20 Â) pores, respectively[5].
1.4. Zeolite nomenclature
The identification and naming o f new zeolitic materials follow rules proposed 
by Barrer in the late 1970s, regarding the unique naming of both synthetic and 
natural zeolites, later approved by the International Committee on Nomenclature and 
Standards o f the International Union o f Pure and Applied Chemistry (1UPAC)[20]. 
The main objective of the rules is to provide unique formulae that allow the use of 
abbreviated representations o f the formula and give as much information about the 
zeolitic phase as possible. The approved names describe (a) any cation exchange, (b) 
any ffamework-species substitution (c) structure type (framework topologies given 
by a unique three-letter code), and (d) any chemically induced lattice defects[4].
In addition to the lUPAC rules, the law o f  priority may still be used to name 
zeolite materials[4]. The distinction o f naming a new zeolitic phase is given to the 
discoverer or synthesis group o f the mineral, often named after themselves or from 
where they originate. For example, Barrerite(STl) which has the same topology as
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stilbite, was named by Passaglia and Pongiluppi in 1975 in honour of 
R.M.Barrer[21].
1.5. Zeolite structure
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Figure 1.2: Representations o f  secondary building units in zeolites (SBUs)[22]. Each vertex 
represents a T atom and an oxygen atom is located at the centre o f  each line.
Zeolite crystal structures are constructed o f repeating TO4 (T denotes 
tetrahedral species Si, Al) tetrahedral units, the primary building units o f zeolites, 
with each apical oxygen atom shared between adjacent tetrahedra[4](Fig. 1.2). The 
known zeolite structures satisfy a well-defined set of geometrical constraints, with 
the TO4  units packing close to regular, and the T-O, T-T distances within 1.60- 
1.80Â, and 3.05-3.14Â, respectively[23-26]. The shared oxygen linkage can 
accommodate a wide range o f T-O-T angles from 125-180°[24-26] resulting in the 
combination of TO4  units to form a variety o f different structures.
Zeolite frameworks are often defined in terms of their structural properties, 
such as their pore systems and their secondary building units (SBUs). An SBU is the 
smallest unit which can be repeated to construct the zeolite structure[4] (Fig. 1.1 and 
1.2). SBUs can be found as small as the 3-membered (containing 3 T atoms) ring, 
present only in a few (6 ) topological frameworks, such as MEI and OBW, probably 
due to the unstable nature of the strained ring. Larger rings such as 4-, 6 - and 8- 
membered rings however are very common, often forming double 4-, or 6 -membered 
rings (4-4, 6-6 , respectively) in which two rings are joined by single T-O-T bridges.
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The first proposed mechanism for zeolite synthesis was reported by Barrer et 
a/.[27] who postulated SBU units as pre-nucleation species, condensing upon pre­
formed crystals and dictating the crystal phase formed under the given conditions. 
In a later review[28], Barrer reported the unlikelihood of monomeric 
aluminate/silicate species being direct participants in the growth of zeolites via direct 
condensation upon crystal surfaces, reasoning that “it would seem difficult for the 
lattice to persist in its very open pattern when rapidly adding such small units”[28, 
29]. This however was before templating effects by alkali metal, and organic, cations 
as templates within the growth media and upon crystal surfaces were extensively 
considered. Later developments now reveal the following description as the general 
consensus.
1.6. Zeolite nucléation and growth
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Figure 1.3: A schematic representation o f  the condensation processes o f  post-nucleation zeolite 
growth. The blue arrows depict the direction o f  condensation, from monomeric species to the eventual 
formation o f  the crystalline product. The green arrows depict the interconnection o f  polymeric species 
on the preformed crystal.
The crystalline porous frameworks of zeolitic materials are formed by the 
condensation of small monomeric (primary building units) and polymeric species to 
form larger units, zeolite substructures resembling Barrer's SBUs, eventually 
forming the crystalline product[4, 5, 30-32] (Fig. 1.3). The mechanism of this
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formation involves the breaking and remaking o f T-O-T bonds, highlighted by 
Chang and Bell[33] and suggested to be catalysed by hydroxide ions and the 
condensation reaction (bond making) forming larger units (eq. 1.0-1.2[29]).
T - 0 H + “0 - T 4 - >  T - O - T +  OH“ (1.0)
T - 0 H - k H 0 - T < ^ T - 0 - T  + H ,0  (1.1)
( 0 H ) 3 T - 0 H  + 0 H ‘ •«•(O H )jT - O " + H 2O (1.2)
The specific details o f zeolite growth however, remain uncertain. Many 
theories exist, the real situation most probably being a combination o f different, 
possibly competing, processes o f zeolite nucléation (condensation o f monomeric 
species forming an entity which grows after it reaches a critical size with a degree of 
order, facilitating the growth o f a periodic structure) and growth[4].
The difficulty in deciphering exactly how microporous materials form from 
complex mixtures is due to the vast variation o f species present in the constantly 
changing dynamics, equilibrium and conditions throughout the zeolite growth media 
during synthesis.
1.6.1. Phases of zeolite growth
Multiple phases exist during zeolite growth; aqueous solution, amorphous gel 
and solid phases, that can be either amorphous (only short-range order) or crystalline 
(short-range and long-range order). The solution is a dynamic system containing 
silicate, aluminate and aluminosilicate fragments o f varying proportions, and what is 
considered as the first sign o f zeolite nucléation, the gel. The gel is an amorphous 
aggregate of aluminosilicate fragments that behaves as a reservoir, as it dissolves, to 
replenish the solution with silicate and aluminate species for crystal growth and can 
act as a confined microenvironment for nucléation (Fig. 1.4).
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Figure 1.4: Flow chart o f  the “evolution o f  order”, from the primary amorphous phase (a) through the 
secondary amorphous phase (b) to the crystalline product (c )’, adapted from ref. [29]. The primary 
amorphous phase is a random amorphous gel which over time, under hydrothermal conditions, forms 
(b) the secondary amorphous phase o f  colloidal and gel (alumino)silicates, which once nucléation and 
growth takes place, results in (c) the crystalline product.
An illustration of the growth of zeolites can be presented in terms o f growth 
curves. Zhdanov[34], and later Budd et a/.[35] (Fig. 1.5), separated the contributions 
of nucléation and growth to the overall zeolite growth curve plotting nucléation and 
growth against time. The three main stages identified in the figure represent pre- 
nucleation (formation o f the gel from source ingredients) or induction, nucléation 
and crystal growth.
The continuous variation o f the composition and relative quantities o f each 
phase and the interdependence o f the numerous parameters at work complicates any 
attempt to analyse the constituents o f the growing phase. The number o f different 
phases also supports the theory that a single mechanism of crystal growth is 
unrealistic[36-38]. Two main theories exist; the first is that nucléation and 
crystallisation occurs in the aqueous solution[39, 40], and the second, that the solid 
crystalline phase forms from the amorphous gel released upon dissolution o f the 
surrounding gel (auto-catalytic nucleation)[34]. Both mechanisms may occur
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simultaneously, such that once the oligomeric species in solution have been 
consumed by crystal growth, the units within the amorphous gel disperse into 
solution, providing more nutrients for crystal growth, releasing the dormant nuclei.
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Figure 1.5: A schematic illustration o f  nucléation and growth curves o f  hydrothermal zeolite 
synthesis. Adapted from ref. [4, 35]. The y-axis is assumed to be a measure o f  the number o f  nuclei 
for the nucléation profile, and the size o f  the formed crystals for the growth curve, at time t.
Studies o f nuclei formation and their release from amorphous gel into 
solution, have recently suggested that nucléation occurs at the boundary o f the 
amorphous gel, it’s interface with the surrounding solution[37, 41, 42]. It has been 
observed that the amorphous gel evolves from a simple gel to give denser gel 
particles including ‘negative crystals’ (emergence of pores as liquid inclusions) with 
irregular borders. These then evolve to crystals with straight boundaries exhibiting 
facets with the fusion of negative crystals to form larger cavities typical o f zeolite 
pores, and subsequently into individual zeolite crystals and complex aggregates. 
Such observations, which identify the role o f gel pore structure in zeolite nucléation 
by controlling the interfacial area between the gel and the solution, describe a direct 
relationship between the chemical evolution o f the gel, its structure, and the 
appearance of nuclei[41, 42]. The critical cluster size for nucléation from recent
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Monte Carlo studies[43] (atomistic simulation), was suggested to be between 25 and 
50 silicon atoms.
The unequivocal identification and quantification o f precursor units formed 
from the time o f mixing o f the reactant components, to the point at which 
crystallisation is observable on a macroscopic scale, is simply an inextricable task. 
Such details o f zeolite growth, however, are crucial to achieve the ultimate goal of 
customising the synthesis o f zeolites to obtain specific structural features.
1.6.2. Precursor species
The methods utilized for the analysis o f ‘molecular’ species in zeolite growth 
media include chemical analysis and spectroscopic methods. Chemical analysis 
provides information concerning the distribution o f Si02 /Al203 ratios and the 
distribution o f other components in each phase during the course o f crystallisation. 
Chemical analysis has been attempted both experimentally and by application of 
computer simulation of the growth media. Infrared and Raman spectroscopy provide 
information on the presence o f sub-structural species in both solution and solid-gel 
phases before crystallisation. NMR spectroscopy, specifically ^^Si and ^^Al NMR[44- 
58], provide detailed information about the silicate and aluminate species that exist in 
solution and the effect o f other zeolite synthesis components on the relative 
abundance o f these species. In-situ X-ray crystallography allows the real-time 
nucléation and growth kinetics o f crystal growth to be monitored, viewing the steps 
o f structure formation. Each support theories o f poly- and monomeric species 
crystallising from solution upon already formed solid surfaces of the pre-formed 
crystallites in solution[4], details o f which are discussed further in Chapter 2.
1.7. Zeolite Synthesis
Zeolites are synthesised from aluminate and silicate source ingredients in 
alkali-hydroxide solutions, under hydrothermal conditions within autoclave vessels 
(Fig. 1.6). Synthesis of the desired crystalline phase requires the adjustment of a 
number of parameters to create the ideal nucléation conditions for that phase. The 
key parameters that must be taken into account include relative amounts of silica,
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alumina, hydroxide, cations, water and temperature. Together they dictate the 
formation of nuclei and the distribution of precursor units that then condense from 
solution onto the already formed nuclei over the course of crystallisation. These 
parameters can be adjusted simultaneously inducing unique effects unattainable by 
independent variation. The significance of each variable is now discussed.
Zeolite crystals
M^OH
S i-0 , A l-0  bonds Si-O-Al bonds
Figure 1.6: A schematic o f  hydrothermal zeolite synthesis in a sealed vessel (autoclave); the starting 
ingredients are heated under hydrothermal conditions within an autoclave, within which they are 
converted to zeolite crystals over an appropriate time period. Adapted from ref. [29]. The zeolite 
crystals, shown above in a Buchner funnel, are a sample o f  Na-J(BW) crystals synthesised in this 
work.
1.7.1. Silica and alumina content
Silica and alumina dissolve in alkaline solutions to produce a mixture of 
oligomeric silicate, aluminate and aluminosilicate anions in dynamic 
equilibrium[59]. The Si02 /Al203 ratio o f the reaction mixture can act as a constraint 
on the framework composition of the final zeolite formed[4]. However, some 
structures impose constraints upon the amount of alumina they will incorporate, 
forming with a specific Si02 /Al203 ratio, independent of increased aluminium 
content within the reaction mixture. For example, the F AU framework can be 
synthesised with different Al/Si ratios, forming zeolites X (1 < Si/Al < 1.5)[12, 60,
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61] and Y (Si/Al > 2.5)[60, 62, 63], whereas the MFI framework type can only exist 
in highly siliceous forms, including the purely siliceous form silicalite[64].
Adjustment of the Si0 2 /Al203 ratio within the framework can fine-tune the 
properties of zeolites. For example, influential zeolite catalyst properties attributed to 
the silica component, such as the acid resistance and thermal stability.
1.7.2. Hydroxide content
Hydroxide ions play a number o f roles in the growth of zeolite materials, as 
they can be present either bound to precursor fragments, or free as OH units 
contributing to the pH o f the solution. Hydroxide ions are considered as a catalyst to 
crystal growth. The concentration of hydroxide ions [OH]" in solution influences the 
distribution o f oligomeric species present in solution, and the rate at which events 
take place, such as dissolution o f silica and alumina units and their condensation 
forming larger polymeric fragments (eq. 1.1 and eq. 1.3).
The solubility of the amorphous aluminosilicate gel is “inversely proportional 
to the alumina content of the initial reaction”[4]. As the [OH]" in solution increases, 
the solubility o f alumina increases, meaning that more is leached from the gel into 
the solution, increasing the amount o f alumina available to play an active role in 
zeolite growth, resulting in crystalline products with lower Si/Al ratio[4]. Together 
with water, the hydroxide ions also act as transporters o f silicate and aluminate 
species between the amorphous gel and the crystalline zeolite phase[4]. Higher 
[OH]" therefore facilitates faster crystallisation and nucléation from the time o f 
mixing, shortening the induction period as a result o f increased concentrations o f 
soluble silica and alumina forming in a shorter space of time after mixing.
Hydroxide ions also act as ligands for silicon and aluminium ions allowing 
condensation reactions to take place, forming larger oligomers. At very high 
hydroxide concentrations however, re-dissolving o f the mineral may occur and/or the 
solution may remain unreacted as only a solution o f dissolved monomeric or 
polymeric species[4]. High pH was also reported to have a detrimental effect on 
crystal growth caused by the increase of negatively charged OH groups in the 
coordination sphere of Si and Al and the surfaces o f the growing crystal, thus 
increasing the repulsive forces between the reactive species and the crystal
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surfaces[65]. An optimum [OH]"will therefore be such to maintain enough dissolved 
hydroxyl species but not to the extent that subsequent nucléation and crystal growth 
is inhibited.
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Figure 1.7: Distribution o f  silicate species versus pH at /  = 3 /n and 25°C in 10'  ^ m Si(IV) solution. 
Reproduced from ref. [6 6 ].
Silicate species within solution can also act as buffers to maintain constant 
pH by forming anionic complexes [Si0 2 (0 H)2]^’ and [SiO(OH)3] upon proton 
(hydrogen) migration towards the free hydroxide ions in solution (Fig. 1.7), forming 
water molecules (eq. 1.2 ). It has also been suggested that silicate monomer species 
coordinate an extra hydroxide ion from solution to become 5-coordinate [Si(OH)$] 
[67-69]. When incorporated within a larger fragment, or crystallised upon the zeolite 
surface, the OH is then released to the surroundings causing an increase in the pH, 
and a decrease in the buffering capacity o f the solution. An increase in the pH of the 
solution is often observed simultaneously with crystallisation (Fig. 1.8), attributed to 
the incorporation of precursor species into the zeolite framework with the release o f 
free OH to the surrounding solution. Monitoring the pH of a growing system can 
therefore give insight into the processes occurring within solution.
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Figure 1.8: Comparison o f  pH measurements (O) and X-ray powder diffraction measurements (I ) o f  
samples taken during the crystallisation o f  E U -l(EU O ) ( 1 0 Na2 0 . 1 0 HexBr2 .Al2 0 3 .6 0 Si0 2 .3 0 0 0 H 2 0  at 
200°C ). Reproduced from ref. [4].
1.7.3. Water content
As well as transporting solution species between the amorphous gel and 
crystalline phase, water molecules act to dilute the nuclei within the solution. The 
concentration o f the solution dictates the type and concentration of the phases o f 
crystallisation and hence the number o f nuclei which form, which can effect the final 
zeolite structure formed[70]. In dilute solutions, fewer nuclei are formed due to the 
disperse components, resulting in a decrease of nucléation induction times.
Water molecules can also play an active role in structure direction when 
coordinated to structure directing species, such as the cations present in solution. 
The formation o f cation-water complexes changes the shape and increases the size of 
the would-be un-hydrated cation. Water molecules can therefore be considered as 
part of the structure directing influence o f cations in zeolite synthesis.
1.7.4. Extra-lfamework cations
Cations act as charge balancing moieties within zeolite frameworks, 
compensating for aluminium incorporated within the framework whilst maintaining a
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neutral system. Cations commonly found within zeolite pores are group 1 and group 
II metals, primarily sodium, calcium and potassium. Cations also play a structure- 
directing role such that, when free in solution, silicate and aluminate species organise 
themselves around the cations through van der Waals (for organo-cations) or 
electrostatic interactions, forming fragments such as rings and cages, characteristic of 
zeolite structures[71]. These may be nuclei, which grow once they have reached a 
critical size, or may crystallise from solution upon a growing crystal. It has been 
proposed that cations also influence crystal morphology, crystallinity and the yield of 
the zeolite[4].
1.7.5. Templating
Other than alkali-metal cations, organic molecules are used as templates for 
the synthesis o f specific framework types and pore architecture. Lok et al.[12] 
published a review in 1983 within which they defined the templating effect as a 
phenomenon “occurring during either the gelation or the nucléation process whereby 
the organic molecule organises the oxide tetrahedra into a particular geometric 
topology around itself and thus provide the initial building block for a particular 
structure type”[4, 72].
Further development o f this concept by Flanigen et a/.[73], and later by 
Chang and Bell[33], proposed that the water molecules surrounding the hydrophobic 
organic guest molecule coordinate to one another to form a clathrate-like structure 
around the template. The water molecules are then replaced by TO4 tetrahedra. 
Initially coordinated randomly around the organic molecules, the TO4  units become 
ordered by the bond breaking and making between the TO4  units, becoming 
assembled into a framework surrounding the organic template molecule.
The four organic amine cations classified by Lok et a/.[72] as templates; 
tétraméthylammonium (TMA), tetraethyl ammonium (TEA), tetrapropyl ammonium, 
(TPA) and tetrabutylammonium (TBA), for the synthesis o f zeolites with pore 
diameters o f ~6Â, ~6.5-7.5Â, ~8.0-9.0Â and -9.5-10.5Â, respectively[4], are still 
common templates used to this present day.
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1.7.6. Temperature
An increase in the temperature o f the system can cause all processes to occur 
faster. A relatively small increase in synthesis temperature causes the rate o f zeolite 
crystallisation to increase rapidly (Fig. 1.9). In addition to increasing the rate o f 
reaction, temperature can also have a structure directing effect, such that higher 
temperatures result in the formation of more stable zeolite phases. Several metastable 
phases may exist in a crystallisation mixture at a temperature, T. As temperature 
and/or the crystallisation time increases, these metastable phases undergo successive 
transformation to increasingly denser phases over time. This is known as Ostwald’s 
rule of successive transformation; the initial products having the lowest density 
possible under the synthesis conditions, present as metastable transient phases, 
transforming to denser more stable products over time and/or increasing temperature.
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Figure 1.9: Influence o f  synthesis temperature on the rate o f  crystallisation o f  ZSM-23. Reproduced 
from ref. [4].
1.7.7. Seeding
The addition of crystalline solid to zeolite synthesis mixtures (seeding) 
provides an additional source o f alumina, silica and cations, a surface for further 
crystal growth and/or a template to encourage a particular crystalline phase to form.
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Seeding therefore may reduce the time o f synthesis and can direct which crystal 
phase is formed.
Considering the key factors effecting zeolite growth, we can conclude that the 
propagation o f zeolite growth is encouraged by the presence of already formed solid 
phases and high temperatures. Precisely how monomeric or polymeric species 
crystallize from solution upon the solid surface is difficult to determine 
experimentally.
Synthetic chemistry has focused on the hydrothermal synthesis o f different 
and preferred zeolite materials with less focus on why or how these phases are 
formed. The following chapter reviews the proposed mechanism of zeolite growth, 
the solution species believed to be present from experimental and computational 
studies, including conclusions based on microscopy studies of zeolite surfaces.
1.8. Aim of study
In this work we attempt to investigate zeolite growth by taking static 
snapshots o f the different phases present in solution, concentrating on;
(a) the distribution of species in solution
(b) the structure and surface terminations o f preformed nanometre sized crystals 
and
(c) how the solution species react with larger fragments and preformed crystal 
surfaces propagating zeolite growth, hence the solid-solution interface.
Due to the number o f interdependent factors affecting crystal growth, we 
chose two systems in which we can focus on the effects of a single variable, the 
structure directing effects o f alkali metal cations, with all other synthesis factors held 
constant. This study considers two zeolites, Li-A(BW) and Na-J(BW), related by the 
conditions under which they crystallise. Li-A(BW) and Na-J(BW) are synthesised 
from almost identical starting materials, differing only in the alkali present in the 
growth media. Media rich in lithium, favours the growth of Li-A(BW) whereas that 
rich in sodium favours the formation o f Na-J(BW). The two cations thus appear to
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have a directing influence on the framework topology formed and hence the zeolite 
growth process.
A multi-faceted approach was taken considering the effects upon the 
distribution of oligomers in solution and how such species crystallise upon the 
crystal surfaces with respect to the cation present, independent o f other synthesis 
parameters. The following chapter reviews the literature and summarises the details 
of zeolite growth media, the precursor fragments thought to be present in solution 
and the crystal growth mechanism.
1.9. References
1. http://www.thomsonite.com/thomsonite.htm.
2 . http://mineralminers.com/html/lapmins.stm.
3. http : //webmineral. com/data/Thom sonite-C a. shtml.
4. Szostak, R., Molecular Sieves, ed. S. Edition. 1998: Blackie Academic and 
Professional.
5. Newsam, J.M., Chapter 7: Zeolites, in Solid State Chemistry: Compounds, 
A.K. Cheetham and P. Day, Editors, p. 235-280.
6 . Holderich, W.F., Roseler, J., Heitmann, G., and Lichens, A.T., The use o f  
zeolites in the synthesis o f  fine and intermediate chemicals. Catalysis Today, 
1997. 37(4): p. 353-366.
7. Dyer, A., An Introduction to Zeolite Molecular Sieves. 1988, Chichester: John
Wiley & Sons or UMI Books on Demand. 149.
8 . Cronstedt, A.F., Akad. Handl. Stockholm, 1756. 18: p. 120.
9. St Claire Deville, M.H., Reproduction de la Lévyne. Comptes Rendus
Hebdoma-daires des Séamces de L'Académie des Sciences, 1862. 54: p. 324- 
327.
10. Breck, D.W., Zeolite Molecular Sieves. 1974, New York: John Wiley & 
Sons.
11. Milton, R.M. 1959: US Patent.
12. Milton, R.M. 1959: US Patent.
13. Baerlocher, C. and McCusker, L.B., Database o f  Zeolite Structures: 
http://www. iza-structure. ors/databases/. 2007.
14. Foster, M. and Treacy, M., A Database o f  Hypothetical Zeolite Structures 
http://www.hvvotheticalzeolites.net. 2007.
15. Loewenstein, W., The Distribution o f  Aluminum in the Tetrahedra o f  Silicates 
and A laminates. American Mineralogist, 1954. 39(1-2): p. 92-96.
16. Wilson, S.T., Lok, B.M., Messina, C.A., Cannan, T.R., and Flanigen, E.M., 
Aluminophosphate Molecular-Sieves - a New Class o f  Microporous 
Crystalline Inorganic Solids. Journal o f the American Chemical Society, 
1982. 104(4): p. 1146-1147.
17. Anderson, M.W., Terasaki, O., Ohsuna, T., Philippou, A., Mackay, S.P., 
Ferreira, A., Rocha, J., and Lidin, S., Structure o f  the Microporous 
Titanosilicate ETS-10. Nature, 1994. 367(6461): p. 347-351.
40
18. Rocha, J. and Anderson, M.W., Microporous titanosilicates and other novel 
mixed octahedral-tetrahedral framework oxides. European Journal o f 
Inorganic Chemistry, 2000(5): p. 801-818.
19. McBain, J.W., Chapter 5, in The Sorption o f  Gases and Vapours by Solids. 
1932, Rutledge and Sons: London.
20. Barrer, R.M., Chemical Nomenclature and Formulation o f  Compositions o f  
Synthetic and Natural Zeolites. Pure and Applied Chemistry, 1979. 51(5): p. 
1091-&.
21. Passaglia, E. and Pongiluppi, D., Barrerite, a New Natural Zeolite. 
Mineralogical Magazine, 1975. 40(310): p. 208-208.
22. http://www.ch.ic.ac.uk/vchemlib/course/zeolite/structure.html.
23. Joyner, R.W., Smith, A.D., Stockenhuber, M., and van den Berg, M.W.E., 
The local structure o f  aluminium sites in zeolites. Physical Chemistry 
Chemical Physics, 2004. 6(23): p. 5435-5439.
24. Hochgrafe, M., Gies, H., Fyfe, C.A., Feng, Y., and Grondey, H., Lattice 
energy-minimization calculation in the further investigation o f  XRD and 
NMR studies o f  zeolite frameworks. Chemistry o f Materials, 2000. 12(2): p. 
336-342.
25. Johnson, G.M., Mead, P.J., and Weller, M.T., Structural trends in the sodalite 
family. Physical Chemistry, Chemical Physics, 1999. 1: p. 3709-3714.
26. Smith, J.V. and Blackwell, C.S., Nuclear Magnetic-Resonance o f  Silica 
Polymorphs. Nature, 1983. 303(5914): p. 223-225.
27. Barrer, R.M., Baynham, J.W., Bultitude, F.W., and Meier, W.M., 
Hydrothermal Chemistry o f  the Silicates .8. Low-Temperature Crystal 
Growth o f  Aluminosilicates, and o f  Some Gallium and Germainium 
Analogues. Journal o f the Chemical Society, 1959(JAN): p. 195-&.
28. Barrer, R.M., Mineral Synthesis by Hydrothermal Technique. Chemistry in 
Britain, 1966. 2(9): p. 380-&.
29. Cundy, C.S. and Cox, P.A., The hydrothermal synthesis o f  zeolites: 
Precursors, intermediates and reaction mechanism. Microporous and 
Mesoporous Materials, 2005. 82(1-2): p. 1-78.
30. Catlow, C.R.A., Coombes, D.S., Lewis, D.W., and Pereira, J.C.G., Computer 
modeling o f  nucléation, growth, and templating in hydrothermal synthesis. 
Chemistry o f Materials, 1998. 10(11): p. 3249-3265.
31. Anderson, M.W., Agger, J.R., Thornton, J.T., and Forsyth, N., Crystal growth 
in zeolite Y revealed by atomic force microscopy. Angewandte Chemie- 
Intemational Edition in English, 1996. 35(11): p. 1210-1213.
32. Lewis, D.W. and Catlow, C.R.A., Application o f  computer modelling to the 
mechanism o f  synthesis o f  microporous catalytic materials. Faraday 
Discussions, 1997. 106: p. 451-471.
33. Chang, C D. and Bell, A.T., Studies on the Mechanism ofZSM -5 Formation. 
Catalysis Letters, 1991. 8(5-6): p. 305-316.
34. Zhadanov, S.P. in Second International Conference on Molecular Sieves. 
1970. Washington.
35. Budd, P.M., Myatt, G.J., Price, C., and Carr, S.W., An Empirical-Model fo r  
the Nucléation and Growth o f  Zeolites. Zeolites, 1994. 14(3): p. 198-202.
36. Cook, J.D. and Thompson, R.W., Modeling the effect o f  gel aging. Zeolites, 
1988.8: p. 322-326.
41
37. Warzywoda, J., Edelman, R.D., and Thomson, R.W., Thoughts on the 
Induction Time in Zeolite Crystallization. Zeolites, 1989. 9: p. 187-192.
38. Thomson, R.W. and Dixon, A.G., Proceedings o f the Royal Society London, 
1987. A413:p. 367.
39. Kerr, G.T., Chemistry o f  Crystalline Aluminosilicates .7. Factors Affecting 
Formation o f  Zeolite A. Journal o f Physical Chemistry, 1966. 70(4): p. 1047- 
&.
40. Kerr, G.T., Chemistry o f  Crystalline Aluminosilicates .4. Factors Affecting 
Formation o f  Zeolites X  and B. Journal o f Physical Chemistry, 1968. 72(4): p. 
1385-&.
41. Nikolakis, V., Vlacho, D.G., and Tsapatsis, M., Modeling o f  zeolite 
crystallization: the role o f  gel microstructure. Microporous and Mesoporous 
Materials, 1998. 21(4-6): p. 337-346.
42. Valtchev, V.P. and Bozhilov, K.N., Evidences fo r  zeolite nucléation at the 
solid-liquid interface o f  gel cavities. Journal o f the American Chemical 
Society, 2005. 127(46): p. 16171-16177.
43. Wu, M.G. and Deem, M.W., Monte Carlo study o f  the nucléation process 
during zeolite synthesis. Journal o f Chemical Physics, 2002. 116(5): p. 2125- 
2137.
44. Dent-Glasser, L.S. and Harvey, G., The Gelation Behavior o f  Aluminosilicate 
Solutions Containing Na+, K+, Cs+, and Me4n+. Journal o f the Chemical 
Society-Chemical Communications, 1984(19): p. 1250-1252.
45. Engelhardt, G., Jancke, H., Hoebbel, D., and Wicker, W., Structural Studies 
on Silicate Anions in Aqueous-Solution Using Si-29 NMR-Spectroscopy. 
Zeitschrift fur Chemie, 1974. 14(3): p. 109-110.
46. Engelhardt, G. and Michel, D., High Resolution Solid-State NMR o f  Silicates 
and Zeolites. 1987, Chichester: John Wiley.
47. Engelhardt, G., Zeigan, D., Jancke, H., Hoebbel, D., and Wicker, W., Si-29 
NMR-Spectroscopy o f  Silicate Solutions 2. Dependence o f  Structure o f  
Silicate Anions in Water Solutions from  Na-Si Ratio. Zeitschrift fur 
Anorganische und Allgemeine Chemie, 1975. 418(1): p. 17-28.
48. Harris, R.K. and Knight, C.T.G., Si-29 NMR-Studies o f  Aqueous Silicate 
Solutions .4. Tetraalkylammonium Hydroxide Solutions. Journal o f Molecular 
Structure, 1982. 78(3-4): p. 273-278.
49. Harris, R.K. and Knight, C.T.G., Si-29 Nuclear Magnetic-Resonance Studies
o f  Aqueous Silicate Solutions .5. Ist-Order Patterns in Potassium Silicate 
Solutions Enriched with Si-29. Journal of the Chemical Society-Faraday 
Transactions II, 1983. 79: p. 1525-1538.
50. Harris, R.K. and Knight, C.T.G., Si-29 Nuclear Magnetic-Resonance Studies
o f  Aqueous Silicate Solutions .6. 2nd-Order Patterns in Potassium Silicate 
Solutions Enriched with Si-29. Journal of the Chemical Society-Faraday 
Transactions li, 1983. 79: p. 1539-1561.
51. Harris, R.K. and Newman, R.H., *^^ Si NMR Studies o f  Aqueous Silicate 
Solutions. Journal o f The Chemical Society-Faraday Transactions II, 1977. 
73: p. 1204-1215.
52. Harris, R.K., Oconnor, M.J., Curzon, E.H., and Howarth, O.W., Two-
Dimensional Si-29 NMR-Studies o f  Aqueous Silicate Solutions. Journal of 
Magnetic Resonance, 1984. 57(1): p. 115-122.
42
53. Harris, R.K., SamadiMaybodi, A., and Smith, W., The incorporation o f  
aluminum into silicate ions in alkaline aqueous solutions, studied by 
aluminum-27 NMR. Zeolites, 1997. 19(2-3): p. 147-155.
54. Kinrade, S.D., Knight, C.T.G., Pole, D.L., and Syvitski, R.T., Silicon-29 
NMR studies o f  tetraalkylammonium silicate solutions. 1. Equilibria, Si-29 
chemical shifts, and Si-29 relaxation. Inorganic Chemistry, 1998. 37(17): p. 
4272-4277.
55. Kinrade, S.D., Knight, C.T.G., Pole, D.L., and Syvitski, R.T., Silicon-29 
NMR studies o f  tetraalkylammonium silicate solutions. 2. Polymerization 
kinetics. Inorganic Chemistry, 1998. 37(17): p. 4278-4283.
56. Kinrade, S.D. and Swaddle, T.W., Si-29 NMR-Studies o f  Aqueous Silicate 
Solutions .1. Chemical-Shifts and Equilibria. Inorganic Chemistry, 1988. 
27(23): p. 4253-4259.
57. Kinrade, S.D. and Swaddle, T.W., Si-29 NMR-Studies o f  Aqueous Silicate 
Solutions .2. Transverse Si-29 Relaxation and the Kinetics and Mechanism o f  
Silicate Polymerization. Inorganic Chemistry, 1988. 27(23): p. 4259-4264.
58. Samadi-Maybodi, A., Goudarzi, N., and Bijanzadeh, H., Aluminium-27 NMR 
investigations o f  aqueous and methanolic aluminosilicate solutions. Journal 
o f Solution Chemistry, 2005. 34(3): p. 283-295.
59. Her, R.K., The Chemistry o f  Silica. 1979, New York: Wiley-Interscience.
60. van Bekkum, H., Flanigen, E.M., and Jansen, J.C., Introduction to zeolite 
science and practice. Studies in Surface Science and Catalysis. Vol. 58. 1991, 
Amsterdam: Elsevier Science Publishers B.V.
61. Olson, D.H., A Reinvestigation o f  Crystal Structure o f  Zeolite Hydrated NaX. 
Journal o f Physical Chemistry, 1970. 74(14): p. 2758-&.
62. Costenoble, M.L., Mortier, W.J., and Uytterhoeven, J.B., Location o f  Cations 
in Synthetic Zeolites X  and Y .4. Exchange Limiting Factors fo r  Ca^^ in 
Zeolite Y. Journal o f the Chemical Society-Faraday Transactions I, 1976. 72: 
p. 1877-1883.
63. Breck, D.W. 1964: U.S.
64. http://www. iza-online. ors/svnthesis/default. htm.
65. Bosnar, S. and Subotic, B., Mechanism and kinetics o f  the growth o f  zeolite 
microcrystals - Part 1: Influence o f  the alkalinity o f  the system on the growth 
kinetics o f  zeolite A microcrystals. Microporous and Mesoporous Materials, 
1999. 28(3): p. 483-493.
66 . Baes, C.F. and Mesmer, R.E., The Hydrolysis o f  Cations. 1976, New York, 
USA: Wiley.
67. Tossell, J.A. and Sahai, N., Calculating the acidity o f  silanols and related 
oxyacids in aqueous solution. Geochimica et Cosmochimica Acta, 2000. 
64(24): p. 4097-4113.
68 . Sefcik, J. and Goddard-llI, W.A., Thermochemistry o f  silicic acid 
deprotonation: Comparison o f  gas-phase and solvated DPT calculations to 
experiment. Geochimica et Cosmochimica Acta, 2001. 65(24): p. 4435-4443.
69. Xiao, Y. and Lasaga, A C., Ab initio quantum mechanical studies o f  the 
kinetics and mechanisms o f  quartz dissolution: O H  catalysis. Geochimica et 
Cosmochimica Acta, 1996. 60: p. 2283-2295.
70. Suzuki, K., Kiyozumi, Y., Shin, S., Fujisawa, K., Watanabe, H., Saito, K., 
and Noguchi, K., Zeolite Synthesis in the System Pyrrolidine-Na2 0 -Al203- 
SiÜ2-H20. Zeolites, 1986. 6(4): p. 290-298.
43
71. Barrer, R.M., Hydrothermal Chemistry o f  Zeolites. 1982, London: Academic 
Press.
72. Lok, B.M., Cannan, T.R., and Messina, C.A., The Role o f  Organic-Molecules 
in Molecular-Sieve Synthesis. Zeolites, 1983. 3(4): p. 282-291.
73. Flanigen, E.M., Bennett, J.M., Grose, R.W., Cohen, J.P., Patton, R.L., 
Kirchner, R.M., and Smith, J.V., Silicalite, a New Hydrophobic Crystalline 
Silica Molecular-Sieve. Nature, 1978. 271(5645): p. 512-516.
44
Chapter 2: Zeolite growth mechanism - solution species and
the crystal surface
2.0. Overview
Details of solution species, which play an important role during crystal 
growth, and elucidation o f the crystal growth mechanism have been difficult to 
achieve solely by experimental methods. Computational simulations o f solution 
species and crystal surfaces have combined with experimental observations to give a 
better insight into the crystal growth mechanism and the dictating factors. This 
chapter reviews the literature available on the variety o f species present in solution, 
including their charged states at different levels o f pH, and how these species interact 
with each other and the crystal surface in the propagation o f crystal growth.
2.1. Introduction to zeolitic solution species
The direct correlation between oligomeric solution fragments and zeolite 
structures is not as straightforward as one might assume. The structures that make up 
the zeolite frameworks are indicative o f the fragments that may be present in the 
growth media although the geometries are not necessarily so. For example, 3-ring 
species are well known solution species, but are rarely found within zeolite 
structures. Oligomers in solution are free to undergo changes in structural orientation 
(configurational entropy) as well as generally being very labile in the exchange of 
silicate and aluminate species. The oligomer geometries may be affected by changing 
synthesis conditions such that they may undergo bond breaking, forming smaller 
units, or polymerise more readily (labile equilibrium)[l, 2 ] as conditions change, 
particularly pH. Oligomers may also change geometry by rearranging in the presence 
of organic (present as templates) and inorganic cations, or when in close contact with 
similar anionic oligomers or the crystal surface itself.
Initial works attempting to identify the type and distribution o f precursor 
fragments were unable to conclusively establish which oligomers were present in 
solution. Experimental chemical analysis involved chemically changing the
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fragments, such as trimethylsilylation[3, 4] and reactions with molybdic acid[5, 6], 
which alter the equilibrium and alkalinity o f the solution. Chemical methods 
therefore were a useful, but potentially destructive form o f investigation, as some 
structures may form because o f unwanted side reactions during the analytical 
process[7]. Consequently discrepancies appear between observations obtained from 
chemical analysis and those obtained by spectroscopic methods. Spectroscopic 
methods including Infrared (IR), Raman spectroscopy and, more commonly, ^^Si and 
^^Al NMR (nuclear magnetic resonance spectroscopy) continue to provide a path to 
identifying solution species, with no effect on the solution equilibrium, including in- 
situ analysis of evolving growth media.
Identification o f silicate fragments by ^^Si NMR using the notation (Q 
denotes the quadrifunctional silicate unit and the superscript number the number of 
directly attached siloxy linkages) was introduced by Engelhardt in the early 1970s[8] 
and commonly adopted thereafter to identify ^^Si environments. This notation was 
extended to include ^^Al environments, using the same approach but adopting lower 
case notation q^[9].
2.2. Silicates
Identification o f solution silicate anions using ^^Si NMR was initially 
performed by Engelgardt[ 10], and later by Harris et a /.[ll-15] whose combined 
works report the presence o f 18 different silicate oligomers in KOH/SiO] solutions 
with K:Si=l and 2:1 (Fig. 2.0, structures I-XVIII), including the silicate monomer, 
dimer, 3-ring, linear trimer and linear tetramer, in order o f decreasing concentration 
present in solution. A tentative report o f a 3-ring fragment with a monomer branch 
was also presented (Fig. 2.0, structure IV), although thought to be “chemically 
unlikely”[l 1], it’s presence later confirmed by Knight[16] and Harris et a/.[13-15], 
together with double 3- and 4-rings, and some cage structures (Fig. 2.0, structures VI 
and XV111)[13]. Although not identified in the KOH/SiOi solutions o f Harris and 
Newman[l 1], the cubic (Fig. 2.0, structure XVII) and pentagonal prismatic (Fig. 2.0, 
structure XXIV) fragments were reported in aqueous media containing Mc4N and 
Pr4N[7 , 9, 17], respectively, and an increase in the single-Si-environment cages 
XXlll and XVll (Fig. 2.0) was observed in the works o f Kinrade and Pole[18] which
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involved the use of Na-cryptates, illustrating the influence of cation type on the 
spéciation and distribution o f silicates in solution.
•  «  ! > - ♦
I(Q") ii(q '2) iii(Q'q"q') rv v (q ^ )
4 »  n
VI VII VIII IX X (Q \)
XI ( Q \ )  XII XIII X IV  X V
XVI X VII ( Q \ )  x v m  X IX  X X
S  3^ A ©<3
XXI XXII XXIII ( Q \)  x xrv  (Q^o) XXV
Figure 2.0: Silicate structures that have been detected by ’^Si-NMR in alkaline aqueous media[I9]. 
Black spots represent silicon atoms with bridging oxygen atoms present halfway between the lines 
joining neighbouring silicon atoms.
2 .2 .1. lonicitv of silicates
It is well accepted that under the high pH conditions typical of zeolite growth 
(pH > 10[20, 21]), the dominant species are anionic[20, 22]. The charge state of 
silicates in solution were reported to average as -1  per silicon atom at pH ~ 10-12 
with corresponding high solubilities[19, 23]. ^^Si NMR studies performed by 
Kinrade and Swaddle[2] reported that at M:Si =1, a substantial fraction of silicate 
oligomers carry one O", but that “at higher pH levels, i.e. at M^iSi^^ ratios higher
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than 1.0:1, substantial fractions of the silicate centres carry two -O " groups and are 
relatively unreactive, resulting in a decrease in both polymerisation and cyclisation 
rates and a shift in the equilibrium distribution o f silicate species toward the 
monomer and low-molecular-mass oligomers”[2 ].
Research into the anionic nature of silicates and the mechanism of silicate 
polymerisation by Kinrade and Swaddle[l] (20°C < T > 150°C) concluded that low 
[Si] and increased temperatures and pH favour monomeric and small oligomers. 
Lower temperatures and alkalinity combined with high [Si], however, were reported 
as ideal conditions for silicate polymerisation, identified by the broadening o f ^^Si 
NMR peaks. The latter observation was attributed to the intermolecular exchange of 
silicate monomeric units by attack of the Si0 4  monomer or (HO)3SiO on 0-Si=, or 
the more rapid intramolecular ring opening and closing[l, 17].
Recent ab-initio studies by Mora-Fonz et a /.[24, 25] using DFT and a 
continuum dielectric to represent the solvent (water), COSMO, have suggested that 
the formation energy of species that carry more than one -0 “ group via 
deprotonation are thermodynamically significantly less favourable than a single 
deprotonation o f a neutral silicate fragment resulting in species carrying one -O" 
group[24]. They suggested that doubly deprotonated species are indeed present in 
zeolite growth media, but in low concentrations and are likely to be highly reactive, 
contrary to the findings of Kinrade and Swaddle[2] noted above.
Comparative ab-initio calculations on aluminate, silicate, and aluminosilicate 
fragments, presented later within the results section o f this thesis, will discuss the 
possible ionicity of fragments at different pH and temperature conditions and offer 
more evidence for the predominant charged species.
2.3. Aluminosilicates
The identification of aluminosilicate fragments in solution extends the details 
of zeolite formation by a combination of ^^Al and ^^Si NMR and Raman 
spectroscopy. However, such studies are not as extensive as those available for 
silicates.
Dent-Glasser et a/.[26] attempted to identify aluminosilicate linkages in 
zeolite synthesis solutions using ^^Si NMR, observing broadening o f ^^Si lines
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attributed to the rapid formation and hydrolysis o f Al-O-Si linkages, suggesting that 
these are more labile than their Si-O-Si analogues. Using the same supersaturated 
solutions, Kinrade and Swaddle[27] demonstrated the existence of Al-O-Si linkages 
by cooling the solutions to 5°C in order to slow down the aluminate-silicate 
exchange, said to be some 10  ^ -  10  ^ times faster than silicate exchange. Later work 
by Mortlock et a/.[28] observed the change in solution equilibrium at increasing 
temperature o f aluminate/ silicate solutions in the presence o f TPA 
(TetraPropylAmmonium) cations. As the temperature increased above 5°C, analysis 
o f the ^^Si and ^^Al NMR suggested free aluminate and dimer exchange o f the Al 
environment, going to and fro from being free to being bound to the nearest Si. The 
proportion o f Al(2Si) (Si-O-Al-O-Si) was observed to increase at the expense o f Al 
in the A l(lSi) (Al-O-Si dimer) environment as the temperature increased, indicating 
aluminosilicate polymerisation.
The concentration o f aluminosilicate fragments increases with the evolution 
o f zeolite nucléation and growth. Samadi-Maybodi et a/. [29] report the presence o f 
(A104  ^), q' (aluminosilicate species with one siloxane bridge) q  ^ (AUOSi), q^  
(AlgOSi) and q"^  (A^OSi) species in aqueous aluminate/silicate solution. Evolution of 
^^Al NMR with time showed that q  ^and q  ^ were observed very quickly, although in 
small concentrations, increasing with time. Concentrations are not equivalent, instead 
they follow the pattern q^/q' »  q  ^ > q  ^ > q"^  (Si/Al =2.5) identifying the monomer 
and dimer as the predominant species.
The distribution o f aluminosilicate anions in solution is also affected by the 
concentration of Si and Al and solution pH, displayed by the following equations in 
which A1(0 H )4 is represented by A f and S / '  {n = number of Si atoms in the 
fragment) denote anionic silicate oligomeric fragments such that S,^' represents an 
anionic silicate monomer[30]:
wS, S^  -t- (n — l)OH (2.0)
A, + m S ; - « ( A , ( S . ) J - + O H -  (2.1)
Kinrade and Swaddle[27] reported that at low Si:Al ratios the major 
aluminosilicate species in solution were Al-substituted derivatives of the silicate
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dimer, cyclic trimer, cyclic tetramer and acyclic trimer. Both Si and A1 NMR 
show little or no free A1(0H)4 present, the major fraction o f bound A1 being 
connected to more than one Si04  unit. However, solutions o f Si:Al=l, in the 
presence of excess NaOH, were reported to exhibit free A1(0H)4‘ as the predominant 
species.
Mortlock et a/. [28] (^^Si NMR) reported that as the concentration of 
dissolved aluminium increases, the fraction of Si with Q^, and (A denotes Si 
connectivities in 3-membered rings) connectivities decreases, whilst the fraction of 
Q ’(IAI) Q^^(lAl), Q^(lAl), Q^^(lAl) and Q^(lAl) increases. The relative amount of 
the Si connectivities decreases in the order Q^(lAl) ~ Q^(2A1) > Q^^(l Al) > Q^(lAl), 
suggesting that aluminate anions react preferentially with small silicate oligomers. 
The consumption of small silicate oligomers drives the equilibrium above (eq. 2.0) to 
the left, leading to the breakdown of larger oligomers and hence a decrease in the 
population o f larger silicate oligomers in favour o f aluminosilicate fragments.
Similarly, more recent work by Samadi-Maybodi et al.[29] report that by 
increasing the concentration o f the aluminate anions (decreasing the Si.Al ratio), 
reactions between silicate and aluminate ions are more facile, encouraging the 
formation of aluminosilicate species, and hence a broader range of fragments 
observed in solution, with the cubic octameric aluminosilicate (the double 4-ring) 
observed as a dominant fragment at decreased SiiAl ratios. Note however, many 
different aluminosilicate fragments that have the same number of siloxane bridges, 
e.g. the trimer with Si-Al-Si has A1 with the same siloxane bridges as the equivalent 
3-ring, 4-ring with one A1 etc, and are thus indistinguishable from one another via 
NMR techniques.
2.4. Effects of cations on oligomer distribution
Barrer[21] proposed the idea that cations have structure directing effects on 
the shape and distribution of oligomeric solution species during zeolite growth, and 
hence the framework structure o f the zeolite formed. Cations have since been 
extensively utilised as directors o f zeolite structure formation, with many examples 
of such direction shown below in Table 2.0.
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Zeolite Cations present in synthesis Preferred cation
Gismondine Na, (Na, TMA), (Na, Li), (Na, K), (Na, Ba),
Na
(Li, Cs, TMA)
Gmelinite Na, Sr, (Ca, TMQ), (Na, TMA) Na
Faujasite Na, (Na, TMA), (Na, Li), (Na, Ba) Na
Zeolite A Na, (Na, TMA), (Na, K), (Na, Ba), (Na, Ba, 
TMA), (Li, Cs, TMS)
Na
Edingtonite K, Rb, Cs, (K, Na), (Na, Li), (K, Li), (Li, 
Cs, TMA), (Ba, Li), (Li, Cs)
K, Rb, Cs, Ba
Chabazite K, Sr, (K, Na), (K, Li), (K, Ba), (K, Na,
K
TMA)
Zeolite L (K,Na), K, Ba, (Ba, K), (Na, Ba) K, Ba
Yugawaralite Sr, (Ba, Li) Sr, Ba
Thomsonite Ca Ca
Epistilbite Ca Ca
Heulandite Sr Sr
Ferrierite Sr Sr
Zeolite ZK-5 Ba, (Na, Ba), (K, Ba), (Li, Cs, TMA) Ba
Analcime Na, K, Rb, Cs, H, NH4, Ca, Sr, (Na, K),
(Na, Rb), (Na, Cs), (Na, Tl), (K, Rb), (Rb, None
Tl), (Li, Cs)
Table 2.0. Relationship between cation present and zeolite structure formed from reaction media. 
Bracketed ions refer to mixtures used. TMA = Tétraméthylammonium. Adapted from ref. [31].
The role o f hydrated cations as structure directing agents is thought to be due 
to the anionic silicate and aluminate species arranging around the cations via 
electrostatic and van der Waals forces (in the case of organic cations)[32-34], 
encouraging the condensation o f these units to form structures resembling those 
common in zeolites, i.e. SBUs (Fig. 2.1). The anionic silicate and aluminate species 
replace coordinated water molecules in the hydration sphere of the hydrated cation
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(waters o f hydration) resulting in the organisation o f silicate and aluminate units in 
preferred geometries by encouraging condensation with neighbouring coordinated 
silicate anions around the cations.
(a)
-
Hydrated cation Silicate/aluminosilicate 
coordinated cation
##
#
Repeating units -  
Zeotype framework 
structure
(b)
Figure 2.1; Assembly o f  silicate and aluminate units around cations via replacement o f  water 
molecules coordinated to the cation (a) in solution and (b) on the crystal surface. Shaded area around 
the cation depicts the hydration sphere, reduced as coordinated water is replaced by oligom er T-units. 
Repetition leads to the formation o f  (a) structures resembling those found within zeolites and (b) 
periodic zeolite structures. Hydroxide units on the crystal surface (-OT(OH)20-) act to coordinate the 
cation to the crystal surface. Building unit -o- represents -0 T (0 H )2 0 - unit, where T = Si or Al. 
Adapted from figure 11 in ref. [35].
As well as the arrangement o f oligomers in solution, an argument has also 
been put forward to suggest a mechanism for zeolite growth on the basis of the 
structure-directing role o f cations. A recent review by Cundy and Cox[35] suggests 
that a cation on an evolving surface will mediate the binding o f oligomers out o f 
solution onto the crystal surface via condensation reactions (eq. 1.0-1.1). The cations
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guide the geometry o f the newly attached oligomers and hence guide the formation 
of the periodic structure[18]. Via the replacement o f the hydration shell o f the cation 
by new T sites, the cation may become an integral part of the periodic structure; or 
alternatively (depending on the charge balance and equilibrium of the synthesis 
dynamic), become free from its oligomer ligands and migrate to perform the same 
task elsewhere on the crystal surface (Fig. 2.1); or act as a “transporter” o f small 
fragments to the growing crystal surface. In support o f this proposed mechanism, 
chemical analysis performed by Bosnar et a /.[36], report the increased growth rate o f 
zeolite A with increasing concentration o f sodium ions in solution, suggesting that 
the sodium ions together with the silicate, aluminate anions take part in the surface 
reaction o f crystal growth.
Information obtained from ^^Si NMR and Raman spectroscopy have shown 
that, for a fixed silica concentration and cation ratio, the molecular weight o f the 
silicate anions increases with the size o f the cation[37-39]. Kinrade and SwaddIe[I] 
reported that the progressive substitution o f Na^ with and Rb^ as the constituent 
cation in synthesis media at M /Si=I.5:I caused oligomer concentrations to increase 
at the expense o f the monomer, particularly at low temperatures, and ^^Si NMR lines 
assigned to Q^6 and Q^g species grew in intensity.
Kinrade and Swaddle[l] concluded that the degree of polymerisation 
increases with increasing ionic radius o f M^[l], in agreement with the work (gas 
chromatography and trimethylsilyation) of Ray and Plaisted[38] who also state that 
polymerisation increases with increasing silica-base ratio and silica concentration, 
but decreases with temperature. Cation size has also been observed to influence the 
reactivity of silicate anions with aluminate anions[26, 39] and with this the 
selectivity o f zeolite synthesis[21].
McCormick et fl/.[39-41] (using alkali-metal NMR) found that the extent of 
aluminosilicate formation in Na^ or Cs^ aluminate/silicate (Al:Si = 1) solutions 
increased with the ratio o f Si:M^. They reported that as the solutions became less 
alkaline, the aluminate ions reacted more extensively with the more acidic silicate 
species such as the cyclic trimer (Q^s) in accordance with quantum mechanical 
calculations[42] which predict that the substitution o f Si by Al in silicate fragments 
should be favoured by the presence of a proton/cation.
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One angle from which to explore the effects cations have on the chemistry of 
oligomeric anions is to consider the strength o f the attraction between oligomeric 
units and cations, commonly defined in terms o f the ion-pair (cation-oligomer pair) 
formation constant, Kip. Anion-cation pairing is favoured by increased [OH ] (due to 
silicate deprotonation), decreased temperature, high alkalinities and small lighter 
cations, such that the ion-pair formation constant follows Kip Li>Na>K>Rb>Cs[18].
Formation of ion pairs stabilises anions against hydrolysis, allowing larger, 
more charged units to exist, with the preferential stabilisation o f larger anions by 
heavier cations. McCormick and Bell[39] investigated the effect o f different cations 
on the Kip using ^^Si NMR and reported that the effect o f changing the alkali-metal 
cations, M^, has a small effect on the Kip with the silicate monomer H]Si04  with 
more significant effect for the heavier oligomers. It was reported that large cations 
appear to pair more efficiently with larger silicate anions because o f the large 
polarisability of such cations, which permits them to interact with the distributed 
charges on the larger fragments such as highly polymerised silicate anions[20, 43] 
and rigid cage-like silicate anions. Similarly, smaller cations bind to the smaller, 
more labile, silicate anions, deactivating them by encouraging condensation o f ring 
and cage structures. Observations made by Hendricks et a /.[44] are in agreement, 
stating that the larger anions are stabilised relative to smaller anions, with increasing 
size o f the cation.
Kinrade and Pole[18] however dispute the above mechanism, suggesting that 
the ion-pairing is negligibly affected by size and structure of the silicate anion. 
Instead they suggest that strongly paired cations, such as the smaller o f the alkali- 
metal cations, resist subsequent formation o f a siloxane linkage between oligomers, 
and hence polymerisation increasing systematically from Na to Cs, as the K ip 
decreases. An exception is suggested to be present in the form o f the smallest o f the 
said cations, Li, in which significant water structuring around the cation is observed, 
causing increased rate of polymerisation.
It has also been proposed that larger organic templates molecules, such as 
tetrapropylammonium (TPA) cation commonly used in the direction of the synthesis 
of many (particularly high silica) zeolites, lead to the formation of larger cage-like 
silicate structures in solution, whereas alkali-metal cations are thought to form 
smaller units.
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Another way that cations may influence the distribution o f silicate anions is 
through “ionic crowding”[44]. Due to repulsive coulombic forces, cations in solution 
tend to distribute themselves as far apart as possible form each other. Hendricks et 
a/. [44] postulate that the maximum size that silicate anions can achieve in solution is 
constrained by the free volume of the cation, defined by the total solution volume per 
cation minus the volume o f the cation itself. As the size o f the cation increases the 
maximum size that silicate anions can achieve decreases in order to avoid cation 
crowing. The effect o f cation crowding therefore acts to decrease the size o f the 
silicate anion.
More recent research, however, appears to dispute the importance o f cations 
as structure directing agents and deems them insignificant, rendering the effects of 
temperature and concentration o f solution components more significant[7, 15]. It is 
noted however, that although the relative concentrations o f individual species may 
vary, no species are exclusive to a particular cation or solution composition[ 1, 18]. 
Recent reports also conclude that there is “no correlation between the structure o f the 
species present in solution and the resulting zeolite crystal structure, thus no evidence 
that zeolites are formed by the sequential assembly o f pre-existing oligomers o f 
appropriate shape or size”[45]. Thus cations must also have a directing effect when 
coordinated at the surface as opposed to the solution species being the only directing 
factors, as mentioned previously. These findings are contrary to the work of 
Kirshhock et a/. [46, 47] who interpret ^^Si NMR data to suggest that aqueous 
tetrapropylammonium (TPA) silicate solutions used to grow silicalite-1 (MFI) are 
dominated by a few very large silicate oligomers, declaring them as precursors to the 
synthesis of MFI, aggregating at the crystal surface propagating crystal growth solely 
via these large fragments. This work has been countered by the works o f Knight et 
a/.[48, 49], stating that the observations o f Kirshhock et a/.[46, 47] are not definitive 
because o f the use o f materials that are not ^^Si enriched.
Later work by Kirschhock et a /.[50] using in-situ X-ray scattering to observe 
the initial stages of growth of zeolites MFI and MEI and TPA mediated self- 
assembly o f silicalite-1 [51], further reported the aggregation o f precursors forming 
nanoslabs in TPAOH-TEOS systems emphasising the idea of a distinctive molecule 
as a precursor in the synthesis o f zeolites. It is clear that the exact mechanism of 
zeolite growth and the role o f the cationic template is a case of ongoing dispute, and
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may indeed be different under different conditions, different cations, and for different 
zeolite framework structures.
2.5. Role of SBUs in the mechanism of crystal nucléation and growth
A review of aluminosilicate solute species in aqueous media by Swaddle et 
al.[\9] propose that, once formed, the inert type cages act as “drains” for silicate 
monomers, suggesting that, from the perspective o f zeolite formation, the 
predominant aqueous silicate species are smaller, labile oligomers (at synthesis 
temperatures greater than 100°C). It is therefore suggested that it is the rapid 
reorganisation of these smaller units - rather than the presence o f larger, preformed 
cages in solution at equilibrium -  that is the primary route to crystal growth, although 
initial nucléation may require the formation o f these larger cages[l]. In support o f 
this view, Knight et a/.[48, 49] also dispute the roles o f SBUs in crystal growth and 
the structure directing effects o f cations on the distribution and type o f solution 
species.
Kinrade et a/.[52, 53] also propose that nucleating silicate solutions are 
composed of a limited number o f small, highly condensed molecules in dynamic 
equilibrium and exclude the existence o f precursor species for a specific structure. 
Work by Pelster et al.[5A\ agree that solids are probably not formed from defined 
building blocks, identifying no defined molecular entities at pH values close to that 
o f zeolite crystallisation from mass spectroscopy o f aqueous silicate solutions.
2.6. The mechanism of crystal growth from a simulation point of view
As we have seen, experimental techniques have provided invaluable 
information toward identifying solution species. The plethora o f simultaneous 
reactions occurring in solution at any one time, however, makes it is difficult to 
extract information about individual events using only experimental data. Evolving 
computational methods, with increasing levels o f accuracy, from approximate 
atomistic methods to electronic structure techniques, allow the simulation o f possible 
crystallisation precursors, silicates in particular, and enable the detailed analysis o f 
their structure[24, 25, 55-64], interactions with solvents[56, 59, 65], species such as
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templates[56, 66] and also with the crystal surface[67]. Aluminosilicate fragments 
however are yet to be modelled to such an extent.
Analysis o f the geometry and thermodynamic stability o f the smallest silicate 
species up to 8 silicon atoms, including both chain and ring fragments, was 
performed by Pereira et a/.[56, 60, 61] using both local and non-local density 
functional theory, for large and small fragments respectively. The intramolecular 
hydrogen bonding present in gas phase calculations was reported to significantly 
contribute to the stability and reactivity of the fragments, leading to linear chains 
observed to be more stable when in almost cyclic conformations. Cyclisation was 
thus observed to be favourable by the intramolecular condensation o f the linear 
chains. The extended analysis o f silicate species by Mora-Fonz et a /.[24, 25, 59] are 
in support of these observations, highlighting the importance of considering the 
effects of the solvent and pH on the structures and formation energetics o f silicate 
polymerisation.
One must consider that simulation models must accurately reflect 
experimental conditions. Simulation techniques are therefore verified by comparing 
to experimental values such as bond lengths and angles, elastic constants and 
solvation energies. Solvation exerts a crucial influence on the structures and 
stabilities of clusters. The inclusion o f solvent, water in the case of zeolite synthesis, 
however is difficult. Approaches range from the treatment o f the water as a 
continuum dielectric[68-70] to methods in which the solvent is described 
explicitly[56, 71, 72]. Both methods have been vital in obtaining more realistic 
simulations o f solution species and polymerisation energetics, in particular in 
reducing the overestimation o f hydrogen bonding in gas phase calculations.
Mora-Fonz et al.[2A, 25] reported that the formation o f dimer, trimer and 
larger oligomers are indeed thermodynamically favourable, but only when the 
simulation model includes a description o f an aqueous medium at high pH. The 
structure, and formation energies were calculated using non-local density functional 
(BLYP) with the description o f water as a continuum dielectric within the COSMO 
code. The formation of neutral species was reported to be strongly disfavoured 
beyond formation of the dimer, therefore at lower pH, where anionic species are less 
prevalent, polymerisation was suggested to be inhibited. The formation of oligomers 
was found to be more thermodynamically favourable when considering the reaction
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of singly charged anionic species with neutral monomers, in support o f previous 
works identifying the anionic pathway as the preferred route o f polymerisation [55, 
58].
S i(0 H ),0  +Si(OH), ^ ( 0 H ) , S i - 0 - S i ( 0 H ) , 0  (2.2)
The simulation o f aluminosilicate fragments is complicated by the more 
complex charge distribution compared to silicates. The properties o f aluminates and 
aluminosilicate clusters are related to their electric charge, the electric dipole 
moment becoming very high for the non-symmetrical species as the additional 
charge results in a much more diffuse electron density distribution. Quantum 
mechanical calculations on aluminosilicate oligomers is therefore much more 
limited, considering only clusters in vacuo and extending only to local density 
functional theory[60, 73]. More precise calculations are computationally expensive 
due to the description of the complex charge distribution and (ideally) the inclusion 
o f charge balancing entities.
The structure and reactivity o f aluminate monomer Al(OH)4 and 
aluminosilicate dimer AlSiO(OH)6 in vacuo have been reported at the local density 
(LDA) level by Periera et a /.[60] and Catlow et a/.[73], the latter also including the 
consideration of the condensation reactions forming the aluminosilicate dimer and 
tetramer [Si2Al204(0 H)g]^'. Catlow et a/.[73] reported that the formation o f ring 
structures with Si/Al=l as unfavourable, with the formation of clusters containing 
one Al as energetically favourable. Structural analysis presented by Periera et al.[60] 
suggest that the large charge separation between the aluminium and bonded oxygen 
atoms of terminating OH groups cause the intramolecular hydrogen bonding to be 
particularly strong. In the aluminosilicate dimer, the charge on the oxygen bonded to 
aluminium is reported to be significantly larger than that bonded to the silicon. The 
hydrogen bond formed by the oxygen bonded to the aluminium is therefore stronger 
(1.55Â) than those formed by oxygen atoms bonded to silicon (2.21 A). But it should 
be noted that the hydrogen bonding is overestimated as no solvation is included in 
the model.
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2.7. Introduction to crystal surfaces
Crystal surfaces are a view into the growing zeolite, as they are the interface 
between precursor units and the crystalline bulk. Moreover, the surface structures 
and crystal morphologies o f zeolites can give great insight into how and why the 
growth of certain structures occurs. By understanding how crystals grow we can 
develop strategies to manipulate the mechanism, rate o f formation and control of 
crystal morphology to produce tailored materials.
In any attempt to determine crystal growth mechanisms, it is fundamental to 
have a view of the surface structure. Details obtained from microscopy studies enable 
predictions of which species are condensing from solution and o f which fragments 
play the most important roles in the growth o f zeolites: Atomic force microscopy 
(AFM) allows a detailed analysis of surface topologies, with Angstrom resolution 
perpendicular to the surface and lOnm resolution parallel to the surface. Scanning 
electron microscopy (SEM) provides the imaging o f crystal morphologies to run 
scale resolution, whilst high-resolution electron microscopy (HREM) enables the 
fine details o f crystals to be studied, allowing direct observations o f surface 
termination structures, providing information on porosity and the structure o f defects.
The growth of zeolites has been suggested to occur in a number o f ways. In 
this work we focus on the growth o f existing crystalline surfaces.
2.7.1. Crvstal growth model
A recent review by Cundy and Cox[35] suggests that the predominant growth 
mechanism of crystals is the adsorption o f layers[74], controlled by surface 
nucléation. The growing surface is considered to comprise of a number o f different 
adsorption and binding sites (Fig. 2.2) according to a Kossel-type model o f a 
growing crystal.
The layer-by-layer growth mechanism follows steps corresponding to the 
Gibbs-Volmer theory[35, 75, 76]: an adsorbed molecule migrates from it’s initial 
position to a position of maximum attachment - an island edge or kink site - and 
binds (Fig. 2.2) [74, 77-79]; this step is repeated, forming a surface layer. Agger et 
a l.[ ll, 79] quantified the relative binding energy at a kink site by modeling the
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growth of Zeolite A in terms o f features observed in AFM images. It was reported 
that the growth at a kink site is 500 times faster than growth on a clean flat surface 
(Fig. 2.2(A)), and 15 times faster than growth at an edge site (Fig. 2.2(E)). The rate- 
limiting step in the growth o f a crystal face was suggested to be the rate o f surface 
nucléation, creating a monolayer island; the subsequent “spreading” o f the layer 
across the surface being much faster. The area o f each layer is proposed to be 
proportional to the time for which the layer has been growing[80]. However, there is 
evidence that this is not the sole method o f crystal growth. Silicalite crystal growth 
studied by atomic force microscopy by Agger et a/.[80] presents terrace growth that 
show no preferential growth at kink sites, displaying a circular profile on the crystal 
surface.
Figure 2.2: Kossel-type model o f  growing crystal, showing a surface adsorbed growth unit (D) on a 
flat surface (A) and step (B), kink (C), edge vacancy (E) and a surface vacancy (F). Reproduced from 
model shown in ref. [35].
2.7.2. Interpretation of surface step heights
The heights of surface terraces have been shown to correspond to SBUs of 
zeolite unit cells. For example, the first reported AFM study of crystal growth in a 
zeolite was performed on Zeolite Y by Anderson et a/. [78] in the mid 1990s. 
Triangular surface terraces with heights of 15Â corresponding to a complete faujasite 
sheet were revealed (Fig. 2.3), in agreement with step heights previously observed by 
HREM[81].
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Figure 2 3 :  An AFM image o f  Zeolite Y (111) face showing the triangular faces identified as growth 
steps o f  1.5nm ( 15Â)[78].
More recent AFM studies by Sugiyama et a/.[82] observed steps on the 
surface of Zeolite A corresponding to the sizes of double-4-rings (D4Rs), and 
suggested that preformed D4R units are key building units in the crystal growth of 
zeolite A (Fig. 2.4). Simulation studies by Slater et a/.[83, 84] report the addition of 
D4Rs as the rate-determining step in the surface mediated, post-nucleation crystal 
growth mechanism of zeolite beta.
Similar experimental work by Wakihara et a/.[85] was carried out on both 
faujasite and Zeolite A. From a combination o f AFM of the crystals and Raman 
spectroscopy of the aluminosilicate solution precursors, it was reported that the key 
precursors of zeolite crystal growth were 6-membered rings (6R) for the double-6 - 
ring (D6R) terminating surface of faujasite and 4-membered rings (4R) for the D4R 
terminating surface of Zeolite A, in agreement with the work of Sugiyama et ût/.[82]. 
Evidence o f 6R units however has not been found in experimental aP^ NMR data, 
on the contrary, monomeric aluminate species are found to dominate under zeolite 
synthesis conditions. 6Rs are also reported as unfavourable in very recent silicate 
simulation studies[24, 25], suggesting that smaller species contribute to crystal
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growth. A recent combined experimental and simulation study by Slater et al.[S6] 
also identify the 6R as a possible building unit. Considering however the assertions 
of Knight and Kinrade[48, 49] (discussed earlier: section 2.5) against the role of 
SBUs in crystal growth, Slater et a/.[86] postulate that a competition may be present 
between primary and SBU mediated crystal growth.
Double-four ring (D4R)
1.2273nm|  
0.5072nm|
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1.2273nm
Figure 2.4: A schematic representation o f  the surface terraces o f  Zeolite A. White boxes represent the 
double-4-ring (D4R) building units o f  the LTA structure[82].
Although evidence suggests that preformed units condense from solution 
upon the crystal surface, it is still argued that the mechanism is governed by small, 
monomeric, silicate and aluminate species. The large fragments may come into close 
contact with the surface, depolymerise into its constituent units, migrate to growth 
sites[87] and condense upon the surface in a cation-mediated pathway. This however 
does not explain what is observed: surfaces terminated by specific units. If surface 
growth proceeded from condensation o f small oligomers, would one not expect a 
distribution of different terminating units?
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2.8. Summary
This review highlights the ongoing dispute on the role of cations and SBUs in 
the formation of specific zeolite structures. The dominant species in solution are 
identified as small monomeric and dimer species, with larger fragments also present 
to varying degrees. The type and distribution o f solution species is dependent on the 
solution pH, temperature and Si/Al ratio. The role of cations in directing the size and 
shape o f oligomers in solution have been disputed, and suggested to mediate crystal 
growth by coordination to the surface, whereby small oligomeric species replace the 
water o f the cation hydration sphere and condense on the existing crystal surface. 
This ties in with the idea that, opposed to the condensation of SBU units upon the 
crystal surface, crystal growth takes place by addition o f smaller oligomers, which 
are dominant in solution. Although microscopy studies have identified a direct 
relation between crystal terrace heights and SBUs characteristic o f rings present in 
the zeolite framework structure, experimental identification o f the solution species do 
not identify a specific precursor for formation o f a particular zeolite structure.
One can therefore postulate that the terminating structures observed via 
microscopy are the most stable terminations, resulting from the condensation of 
small oligomers on the crystal surface, the less stable terminations present as 
metastable or transient steps to the formation o f what appears as the SBU terminated 
surfaces.
We now proceed to model solution species at temperatures and pH typical o f 
the initial mixing of the zeolite reaction components, and those of synthesis. We also 
model the low energy terminations o f Li-A(BW) and Na-J(BW) and present a 
simulation study o f the condensation o f solution species upon these existing crystal 
surfaces. Each study is performed in the presence of the two cations Li and Na in 
which Li-A(BW) and Na-J(BW) preferentially form, respectively, to observe cation 
directing effects in solution spéciation and in the crystal growth mechanism.
63
2.9. References
1. Kinrade, S.D. and Swaddle, T.W., Si-29 NMR-Studies o f  Aqueous Silicate 
Solutions .1. Chemical-Shifts and Equilibria. Inorganic Chemistry, 1988. 
27(23): p. 4253-4259.
2. Kinrade, S.D. and Swaddle, T.W., Si-29 NMR-Studies o f  Aqueous Silicate
Solutions .2. Transverse Si-29 Relaxation and the Kinetics and Mechanism o f  
Silicate Polymerization. Inorganic Chemistry, 1988. 27(23): p. 4259-4264.
3. Dent-Glasser, L.S., Lachowski, E.E., and Cameron, G.G., Studies on Sodium
Silicate Solutions by Method o f  Trimethylsilylation. Journal o f Applied
Chemistry and Biotechnology, 1977. 27(1): p. 39-47.
4. Dent-Glasser, L.S. and Smith, D.N., Polymerization o f  the Silicate Anion in
Acidic Solutions - Gelation and Trimethylsilylation Studies. Journal o f the
Chemical Society-Chemical Communications, 1980(15): p. 727-728.
5. Hoebbel, D. and Wicker, W., Condensation Reactions o f  Monomeric Silicic 
Acid. Zeitschrift Fur Anorganische Und Allgemeine Chemie, 1973. 400(2): p. 
148-160.
6 . Her, R.K., Isolation and Characterization o f  Particle Nuclei During the 
Polymerization o f  Silicic-Acid to Colloidal Silica. Journal o f Colloid and 
Interface Science, 1980. 75(1): p. 138-148.
7. Knight, C.T.G., Kirkpatrick, R.J., and Oldfield, E., Two-Dimensional Si-29 
Nuclear Magnetic-Resonance Spectroscopic Study o f  Chemical-Exchange 
Pathways in Potassium Silicate Solutions. Journal o f Magnetic Resonance, 
1988. 78(1): p. 31-40.
8 . Engelhardt, G., Jancke, H., Hoebbel, D., and Wicker, W., Structural Studies 
on Silicate Anions in Aqueous-Solution Using Si-29 NMR-Spectroscopy. 
Zeitschrift fur Chemie, 1974. 14(3): p. 109-110.
9. Engelhardt, G. and Michel, D., High Resolution Solid-State NMR o f  Silicates 
and Zeolites. 1987, Chichester: John Wiley.
10. Engelhardt, G., Zeigan, D., Jancke, H., Hoebbel, D., and Wicker, W., Si-29 
NMR-Spectroscopy o f  Silicate Solutions 2. Dependence o f  Structure o f  
Silicate Anions in Water Solutions from  Na-Si Ratio. Zeitschrift fur 
Anorganische und Allgem eine Chemie, 1975. 418(1): p. 17-28.
11. Harris, R.K. and Newman, R.H., ^‘^Si NMR Studies o f  Aqueous Silicate 
Solutions. Journal o f The Chemical Society-Faraday Transactions II, 1977. 
73: p. 1204-1215.
12. Harris, R.K. and Knight, C.T.G., Si-29 Nuclear Magnetic-Resonance Studies 
o f Aqueous Silicate Solutions .6. 2nd-Order Patterns in Potassium Silicate 
Solutions Enriched with Si-29. Journal of the Chemical Society-Faraday 
Transactions li, 1983. 79: p. 1539-1561.
13. Harris, R.K. and Knight, C.T.G., Si-29 Nuclear Magnetic-Resonance Studies 
o f Aqueous Silicate Solutions .5. Ist-Order Patterns in Potassium Silicate 
Solutions Enriched with Si-29. Journal of the Chemical Society-Faraday 
Transactions 11, 1983. 79: p. 1525-1538.
14. Harris, R.K., Knight, C.T., and Hull, W.E., Nature o f  Species Present in an 
Aqueous Solution o f  Potassium Silicate. Journal of The American Chemical 
Society, 1981. 103: p. 1577.
64
15. Harris, R.K., Oconnor, M.J., Curzon, E.H., and Howarth, O.W., Two- 
Dimensional Si-29 NMR-Studies o f  Aqueous Silicate Solutions. Journal o f 
Magnetic Resonance, 1984. 57(1): p. 115-122.
16. Knight, C.T.G., A Two-Dimensional Si-29 Nuclear Magnetic-Resonance 
Spectroscopic Study o f  the Structure o f  the Silicate Anions Present in an 
Aqueous Potassium Silicate Solution. Journal o f the Chemical Society-Dalton 
Transactions, 1988(6): p. 1457-1460.
17. Knight, C.T.G., Kirkpatrick, R.J., and Oldfield, E., The Unexpectedly Slow 
Approach to Thermodynamic-Equilibrium o f  the Silicate Anions in Aqueous 
Tétraméthylammonium Silicate Solutions. Journal o f the Chemical Society- 
Chemical Communications, 1986(1): p. 66-67.
18. Kinrade, S.D. and Pole, D.L., Ejfect o f  Alkali-Metal Cations on the Chemistry 
o f  Aqueous Silicate Solutions. Inorganic Chemistry, 1992. 31: p. 4558-4563.
19. Swaddle, T.W., Salerno, J., and Tregloan, P.A., Aqueous Aluminates, 
Silicates, and Aluminosilicates. Chemical Society Reviews, 1994. 23(5): p. 
319.
20. Her, R.K., The Chemistry o f  Silica. 1979, New York: Wiley-Interscience.
21. Barrer, R.M., Hydrothermal Chemistry o f  Zeolites. 1982, London: Academic 
Press.
22. Felmy, A.R., Cho, H., Rustad, J.R., and Mason, M.J., An aqueous 
thermodynamic model fo r  polymerized silica species to high ionic strength. 
Journal of Solution Chemistry, 2001. 30(6): p. 509-525.
23. Svensson, I.E., Sjoberg, S., and Ohm an, L .O ., Polysilicate Equilibria in 
Concentrated Sodium Silicate Solutions. Journal of the Chemical Society- 
Faraday Transactions I, 1986. 82: p. 3635.
24. Mora-Fonz, M.J., Catlow, C.R.A., and Lewis, D.W., Oligomerization and 
cyclization processes in the nucléation o f  microporous silicas. Angewandte 
Chemie-International Edition, 2005. 44(20): p. 3082-3086.
25. Mora-Fonz, M.J., Catlow, C.R.A., and Lewis, D.W., The role o f  solvation 
and pH  in the nucléation o f  pure silica zeolites, in Molecular Sieves: from  
Basic Research to Industrial Applications, Pts a and B. 2005. p. 295-302.
26. Dent-Glasser, L.S. and Harvey, G., The Gelation Behavior o f  Aluminosilicate 
Solutions Containing Na+, K+, Cs+, and Me4n+. Journal of the Chemical 
Society-Chemical Communications, 1984(19): p. 1250-1252.
27. Kinrade, S.D. and Swaddle, T.W., Direct Detection o f  Aluminosilicate 
Species in Aqeous Solution by Silicon-29 and Aluminium-27 NMR 
Spectroscopy. Inorganic Chemistry, 1989. 28(10): p. 1952-1954.
28. Mortlock, R.F., Bell, A.T., and Radke, C.J., NMR Investigations o f  
Tetrapropylammonium Aluminosilicate and Borosilicate Solutions. Journal of 
Physical Chemistry, 1991. 95(1): p. 372-378.
29. Samadi-Maybodi, A., Goudarzi, N., and Bijanzadeh, H., Aluminium-27 NMR 
investigations o f  aqueous and methanolic aluminosilicate solutions. Journal 
o f Solution Chemistry, 2005. 34(3): p. 283-295.
30. Mortlock, R.F., Bell, A.T., Chakraborty, A.K., and Radke, C.J., Effect o f  
Silicate Ratio on the Distribution o f  Silicate and Aluminosilicate Anions in 
Tpa Aluminosilicate Solutions. Journal of Physical Chemistry, 1991. 95(11): 
p. 4501-4506.
31. Dyer, A., An Introduction to Zeolite Molecular Sieves. 1988, Chichester: John 
Wiley & Sons or UMI Books on Demand. 149.
65
32. Burkett, S.L. and Davis, M.E., Mechanism o f  Structure Direction in the 
Synthesis o f  Si-ZSM-5 - an Investigation by Intermolecular H-1-Si-29 Cp Mas 
NMR. Journal o f Physical Chemistry, 1994. 98(17): p. 4647-4653.
33. Burkett, S.L. and Davis, M.E., Mechanism o f  Structure Direction in the 
Synthesis o f  Pure-Silica Zeolites .2. Hydrophobic Hydration and Structural 
Specificity. Chemistry o f Materials, 1995. 7(8): p. 1453-1463.
34. Burkett, S.L. and Davis, M.E., Mechanisms o f  Structure Direction in the 
Synthesis o f  Pure-Silica Zeolites .1. Synthesis ofTPA/Si-ZSM-5. Chemistry of 
Materials, 1995. 7(5): p. 920-928.
35. Cundy, C.S. and Cox, P.A., The hydrothermal synthesis o f  zeolites: 
Precursors, intermediates and reaction mechanism. Microporous and 
Mesoporous Materials, 2005. 82(1-2): p. 1-78.
36. Bosnar, S., Antonie, T., Bronic, J., and Subotic, B., Mechanism and kinetics 
o f the growth o f  zeolite microcrystals. Part 2: Influence o f  sodium ions 
concentration in the liquid phase on the growth kinetics o f  zeolite A 
microcrystals. Microporous and Mesoporous Materials, 2004. 76: p. 157-165.
37. Dutta, P.K. and Shieh, D C ., Influence o f  Alkali Chlorides on Distribution o f  
Aqueous Base Solubilized Silicate Species. Zeolites, 1985. 5(3): p. 135-138.
38. Ray, N.H. and Plaisted, R.J., The Constitution o f  Aqueous Silicate Solutions. 
Journal of the Chemical Society-Dalton Transactions, 1983(3): p. 475-481.
39. McCormick, A.V., Bell, A.T., and Radke, C.J., Evidence from  Alkali-Metal 
NMR-Spectroscopy fo r  Ion-Pairing in Alkaline Silicate Solutions. Journal o f 
Physical Chemistry, 1989. 93(5): p. 1733-1737.
40. McCormick, A.V., Bell, A.T., and Radke, C.J., Influence o f  Alkali-Metal 
Cations on Silicon Exchange and Si-29 Spin Relaxation in Alkaline Silicate 
Solutions. Journal o f Physical Chemistry, 1989. 93(5): p. 1737-1741.
41. McCormick, A.V., Bell, A.T., and Radke, C.J., Multinuclear Nmr 
Investigation o f  the Formation o f  Aluminosilicate Anions. Journal o f Physical 
Chemistry, 1989. 93(5): p. 1741-1744.
42. Derouane, E.G., Fripiat, J.G., and Vonballmoos, R., Quantum-Mechanical 
Calculations on Molecular-Sieves .2. Model Cluster Investigation o f  
Silicoaluminophosphates. Journal o f Physical Chemistry, 1990. 94(4): p. 
1687-1692.
43. Houssin, C.J.Y., Kirschhock, C.E.A., Magusin, P., Mojet, B.L., Grobet, P.J.,
Jacobs, P.A., Martens, J.A., and van Santen, R.A., Combined in situ Si-29 
NMR and small-angle X-ray scattering study o f  precursors in M FI zeolite 
formation from silicic acid in TPAOH solutions. Physical Chemistry
Chemical Physics, 2003. 5(16): p. 3518-3524.
44. Hendricks, W.M., Bell, A.T., and Radke, C.J., Effects o f  Organic and Alkali- 
Metal Cations on the Distribution o f  Silicate Anions in Aqueous-Solutions. 
Journal of Physical Chemistry, 1991. 95(23): p. 9513-9518.
45. Knight, C.T.G., Are Zeolite Secondary Building Units Really Red Herrings.
Zeolites, 1990. 10(2 ): p. 140-144.
46. Kirschhock, C.E.A., Ravishankar, R., Verspeurt, P., Grobet, P.J., Jacobs,
P. A., and Martens, J.A., Identification o f  precursor species in the formation 
o f  MFI zeolite in the TPA0H -TE0S-H 20 system. Journal of Physical 
Chemistry B, 1999. 103(24): p. 4965-4971.
47. Kirschhock, C.E.A., Ravishankar, R., Verspeurt, P., Grobet, P.J., Jacobs,
P.A., and Martens, J.A., Reply to the comment on "Identification o f  precursor
66
species in the formation o f  MFI zeolite in the TPA0H -TE0S-H 20 system”. 
Journal o f Physical Chemistry B, 2002. 106(12): p. 3333-3334.
48. Knight, C.T.G., Wang, J.P., and Kinrade, S.D., Do zeolite precursor species 
really exist in aqueous synthesis media? Physical Chemistry Chemical 
Physics, 2006. 8(26): p. 3099-3103.
49. Knight, C.T.G. and Kinrade, S.D., Comment on "Identification o f  precursor 
species in the formation o f  M FI zeolite in the TPA0H -TE0S-H 20 system". 
Journal of Physical Chemistry B, 2002. 106(12): p. 3329-3332.
50. Kirschhock, C.E.A., Ravishankar, R., Van Looveren, L., Jacobs, P.A., and 
Martens, J.A., Mechanism o f  transformation o f  precursors into nanoslabs in 
the early stages o f  M FI and MEL zeolite formation from  TPAOH-TEOS-H20 
and TBA0H -TE0S-H 20 mixtures. Journal o f Physical Chemistry B, 1999. 
103(24): p. 4972-4978.
51. Kirschhock, C.E.A., Ravishankar, R., Jacobs, P.A., and Martens, J.A., 
Aggregation mechanism o f  nanoslabs with zeolite MFI-type structure. Journal 
o f Physical Chemistry B, 1999. 103(50): p. 11021-11027.
52. Kinrade, S.D., Knight, C.T.G., Pole, D.L., and Syvitski, R.T., Silicon-29 
NMR studies o f  tetraalkylammonium silicate solutions. I. Equilibria, Si-29 
chemical shifts, and Si-29 relaxation. Inorganic Chemistry, 1998. 37(17): p. 
4272-4277.
53. Kinrade, S.D., Knight, C.T.G., Pole, D.L., and Syvitski, R.T., Silicon-29 
NMR studies o f  tetraalkylammonium silicate solutions. 2. Polymerization 
kinetics. Inorganic Chemistry, 1998. 37(17): p. 4278-4283.
54. Pelster, S.A., Schrader, W., and Schüth, P., Monitoring temporal evolution o f  
silicate species during hydrolysis and condensation o f  silicates using mass 
spectrometry. Journal o f the American Chemical Society, 2006. 128(13): p. 
4310-4317.
55. Trinh, T.T., Jansen, A.P.J., and van Santen, R.A., Mechanism o f  
oligomerization reactions o f  silica. Journal o f Physical Chemistry B, 2006. 
110(46): p. 23099-23106.
56. Catlow, C.R.A., Coombes, D.S., Lewis, D.W., and Pereira, J.C.G., Computer 
modeling o f  nucléation, growth, and templating in hydrothermal synthesis. 
Chemistry o f Materials, 1998. 10(11): p. 3249-3265.
57. Provis, J.L. and Vlachos, D.G., Silica nanoparticle formation in the TPAOH- 
TE0S-H 20 system: A population balance model. Journal o f Physical 
Chemistry B, 2006. 110(7): p. 3098-3108.
58. Ermoshin, V.A., Smirnov, K.S., and Bougeard, D., Ab initio study o f  the 
initial steps o f  hydrothermal zeolite synthesis and o f  sol-gel processes. 
Theochem-Journal of Molecular Structure, 1997. 393: p. 171-176.
59. Mora-Fonz, M.J., Catlow, C.R.A., and Lewis, D.W., Modelling aqueous 
silica chemistry in alkali media, to be published, 2007.
60. Pereira, J.C.G., Catlow, C.R.A., and Price, G.D., Ab initio studies o f  silica- 
based clusters. Part I. Energies and conformations o f  simple clusters. Journal 
o f Physical Chemistry A, 1999. 103(17): p. 3252-3267.
61. Pereira, J.C.G., Catlow, C.R.A., and Price, G.D., Ab initio studies o f  silica- 
based clusters. Part II. Structures and energies o f  complex clusters. Journal 
of Physical Chemistry A, 1999. 103(17): p. 3268-3284.
62. Tossell, J.A., Theoretical studies o f  Si and Al distributions in molecules and 
minerals with eight tetrahedrally coordinated atoms (T-8) in double-four-ring
67
(D4R) geometries: Octasilasesquioxanes, gismondite, and zeolite A. Journal 
of Physical Chemistry, 1996. 100(35): p. 14828-14834.
63. Tossell, J.A., Theoretical study on the dimerization o f  Si(0H)(4) in aqueous
solution and its dependence on temperature and dielectric constant. 
Geochimica Et Cosmochimica Acta, 2005. 69(2): p. 283-291.
64. Tossell, J.A. and Sahai, N., Calculating the acidity o f  silanols and related
oxyacids in aqueous solution. Geochimica et Cosmochimica Acta, 2000.
64(24): p. 4097-4113.
65. Sefcik, J. and Goddard-III, W.A., Thermochemistry o f  silicic acid
deprotonation: Comparison o f  gas-phase and solvated DFT calculations to 
experiment. Geochimica et Cosmochimica Acta, 2001. 65(24): p. 4435-4443.
66 . Caratzoulas, S., Vlachos, D.G., and Tsapatsis, M., Molecular dynamics 
studies on the role o f  tétraméthylammonium cations in the stability o f  the 
silica octamers Si8O208- in solution. Journal o f Physical Chemistry B, 2005. 
109(20): p. 10429-10434.
67. de Leeuw, N.H., Parker, S.C., and Harding, J.H., Molecular dynamics 
simulation o f  crystal dissolution from  calcite steps. Physical Review B, 1999. 
60(19): p. 13792-13799.
68 . Klamt, A., Conductor-Like Screening Model fo r  Real Solvents - a New 
Approach to the Quantitative Calculation o f  Solvation Phenomena. Journal of 
Physical Chemistry, 1995. 99(7): p. 2224-2235.
69. Klamt, A. and Schuurmann, G., Cosmo - a New Approach to Dielectric 
Screening in Solvents with Explicit Expressions fo r  the Screening Energy and 
Its Gradient. Journal o f the Chemical Society-Perkin Transactions 2, 1993(5): 
p. 799-805.
70. Gale, J.D. and Rohl, A.L., An efficient technique fo r  the prediction o f  solvent- 
dependent morphology: the COSMIC method. Molecular Simulation, 
submitted.
71. Lewis, D.W. and Catlow, C.R.A., Application o f  computer modelling to the 
mechanism o f  synthesis o f  microporous catalytic materials. Faraday 
Discussions, 1997. 106: p. 451-471.
72. Criscenti, L.J., Brantley, S.L., Mueller, K.T., Tsomaia, N., and Kubicki, J.D., 
Theoretical and Al-27 CPMAS NMR investigation o f  aluminum coordination 
changes during aluminosilicate dissolution. Geochimica Et Cosmochimica 
Acta, 2005. 69(9): p. 2205-2220.
73. Catlow, C.R.A., George, A.R., and Freeman, C M., Ab initio and molecular- 
mechanics studies o f  aluminosilicate fragments, and the origin o f  
Lowenstein's rule. Chemical Communications, 1996(11): p. 1311-1312.
74. Mullin, J.W., Crystallisation. Fourth ed. 2001, Oxford: Butterworth 
Heinemann.
75. McCash, E.M., Surface Chemistry. 2001, New York: Oxford University 
Press.
76. Zangwill, A., Physics at Surfaces. 1996, Cambridge: Cambridge University 
Press.
77. Anderson, M.W., Agger, J.R., Hanif, N., Terasaki, O., and Ohsuna, T., 
Crystal growth in framework materials. Solid State Sciences, 2001. 3(7): p. 
809-819.
68
78. Anderson, M.W., Agger, J.R., Thornton, J.T., and Forsyth, N., Crystal growth 
in zeolite Y revealed by atomic force microscopy. Angewandte Chemie- 
Intemational Edition in English, 1996. 35(11): p. 1210-1213.
79. Agger, J.R., Pervaiz, N., Cheetham, A.K., and Anderson, M.W., 
Crystallization in zeolite A studied by atomic force microscopy. Journal of the 
American Chemical Society, 1998. 120(41): p. 10754-10759.
80. Agger, J.R., Hanif, N., Cundy, C.S., Wade, A.P., Dennison, S., Rawlinson, 
P.A., and Anderson, M.W., Silicalite crystal growth investigated by atomic 
force microscopy. Journal of the American Chemical Society, 2003. 125(3): 
p. 830-839.
81. Ohsuna, T., Terasaki, O., Alffedsson, V., Bovin, J.O., Watanabe, D., Carr,
S.W., and Anderson, M.W., Observations on the role o f  crown ether 
templates in the formation o f  hexagonal and cubic polymorphs o f  zeolite Y. 
Proceedings of the Royal Society o f London Series a-Mathematical Physical 
and Engineering Sciences, 1996. 452(1946): p. 715-740.
82. Sugiyama, S., Yamamoto, S., Matsuoka, O., Nozoye, H., Yu, J., Zhu, G., Qiu,
S., and Terasaki, I., AFM  observation o f  double 4-rings on zeolite LTA 
crystals surface. Microporous and Mesoporous Materials, 1999. 28(1): p. 1-7.
83. Chiu, M.E., Slater, B., and Gale, J.D., Simulating the dissolution and growth 
o f zeolite beta C. Angewandte Chemie-International Edition, 2005. 44(8): p. 
1213-1217.
84. Slater, B., Richard, C., Catlow, A., Liu, Z., Ohsuna, T., Terasaki, O., and 
Camblor, M.A., Surface structure and crystal growth o f  zeolite Beta C. 
Angewandte Chemie-International Edition, 2002. 41(7): p. 1235-+.
85. Wakihara, T. and Okubo, T., Crystal growth behavior o f  zeolites elucidated 
by atomic force microscopy. Journal o f Chemical Engineering of Japan, 2004. 
37(5): p. 669-674.
86 . Slater, B., Ohsuna, T., Liu, Z., and Terasaki, O., Insights into the crystal 
growth mechanisms o f  zeolites from  combined experimental imaging and 
theoretical studies. Faraday Discussions, 2007. 136: p. 125-141.
87. Cundy, C.S., Henty, M.S., and Plaisted, R.J., Investigation o f  Na,TPA-ZSM-5 
Zeolite Synthesis by Chemical Methods. Zeolites, 1995. 15(4): p. 342-352.
69
Chapter 3: Methodology
3.0. Outline
A combination o f both experimental and simulation techniques has been 
utilized throughout this study. This chapter outlines a brief overview o f each 
simulation and experimental technique used with the details o f the implementation of 
each simulation technique also presented here.
3.1. Experimental Laboratory Techniques
The experimental techniques used within this study are done so to determine 
the structure of materials synthesised in Chapter 4; Li-A(BW) and Na-J(BW). These 
include laboratory level X-ray diffraction (XRD), synchrotron XRJD, EDX and SEM.
3.1.1. X-rav Diffraction
Soon after the discovery o f X-rays by Rontgen in 1895, X-rays were found to 
have wavelengths comparable to the separation o f lattice planes and thus diffracted 
when passed through a crystal. The use o f X-rays as a technique for probing crystal 
structures has since become standard procedure with an X-ray diffractometer now 
found in most materials research laboratories.
Monochromatic X-rays are generated by bombarding a cooled metal target 
with high-energy electrons. The electrons decelerate as they reach the cooled metal 
and generate radiation with a continuous range o f wavelengths upon which high- 
intensity sharp peaks are superimposed.
The continuous range of wavelengths is a featureless Bremsstrahlung 
background {Bremise is German for deceleration, Strahlung for ray), arising from 
non-quantum processes. The sharp peaks are a result o f collisions o f the incoming 
electrons and the core shell electrons of the target metal atoms. An incoming electron 
collides with an electron in the Æ-shell (n=l) and ejects it. Another electron (from the 
L (n=2) shell or M  (n=3) shell) falls into the vacancy and emits its excess energy as
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an X-ray photon, the definite frequency and wavelength (AE - h v -  hdX) o f which is 
characteristic of the type o f metal target.
Standard lab-based diffractometers use these AT-shell emissions with copper 
and cobalt the two frequently used targets as they emit X-ray photons of 
characteristic wavelengths, thus utilising Ka\ and K^i X-rays. K  indicates that the X- 
ray photon is emitted as a result of a transition into a vacancy in the X-shell o f the 
metal atom.
3.1.1.1. Bragg’s law
The basis o f all methods for obtaining unit cell (lattice) geometry from the 
geometry of the diffraction pattern is Bragg’s law (eq. 3.0). Bragg’s law provides a 
mathematical relationship between the wavelength o f the incident radiation and the 
lattice planes of a crystal (eq. 3.0 and Fig. 3.0).
nX = 2dsinO
AB = EC; A B ^ B C  = 2l = nA
(3.0)
(3.1)
B
Figure 3.0: Scattering o f  X-rays from two Bragg planes in a crystal.
Bragg’s law models a crystal as stacks of reflecting lattice planes of 
separation d. For constructive interference to occur (a reflection), the path-length 
difference o f the two rays must be equal to an integer number of wavelengths nk (eq. 
3.1). For a fixed wavelength (X), the spacing between the crystal layers in the lattice
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{d) can be determined as a function of the angle {9) for each diffraction intensity, and 
for each type of unit cell, d can be related to a particular lattice plane in a crystal, 
identified by Miller indices {hkl). Some unit cell types give characteristic and easily 
recognizable patterns of lines e.g. cubic, so the reflections can then be predicted by 
substituting the values o ïh k  and / into the known equation for 6.
There are many different sets of planes in a crystal, so there are many angles 
at which a reflection occurs. The complete set of data consists of the list of angles at 
which reflections are observed and their intensities.
The intensity of each reflection depends on the arrangement and atomic 
number of the atoms in the unit cell. As the angle of the diffraction provides 
information about the unit cell, the intensity of the signal can give some information 
on the contents of the unit cell, encompassed in the structural refinement procedure 
o f Rietveld refinement, mentioned in the subchapter 3.1.1.4.
3.1.1.2. Powdered samples vs. Single crystals
Difïracted
beam
Sample,
Source
Monochromator
Detector (movable)
Figure 3.1: A schematic representation o f  an X-ray powder diffractometer.
A powder comprises a mass of crystallites in (usually) random orientations. 
When sampling such a product, at least some of the crystallites will be orientated to 
satisfy the Bragg condition for reflection for each set of planes (hkl). For example, 
some of the crystallites will be orientated so that their ( 111) planes, of spacing dm, 
give rise to diffracted intensity at an angle 6.
The same set of planes in two micro-crystallites with different orientations to 
the incident beam gives diffracted rays that lie on a cone. The full powder pattern is
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formed by cones corresponding to reflections from all the sets of (hkl) planes that 
satisfy Bragg’s law. The detector scans over a range of 0 values at a constant angular 
velocity to detect the required part of the powder pattern (Fig. 3.1).
Sample— 1
'20X-ray
beam
Detectoj
Synchrotron 
radiation K
Bending
magnet
Storage ring
Electron
beam
Linear
Accelerator Booster
Synchrotron
Figure 3.2: A schematic representation of; (a) a four-circle diffractometer, reproduced from ref. [1]; 
(b) a typical 2"^  generation synchrotron ring, consisting o f  a storage ring with a series o f  bending 
magnets (which keep the orbit and energy o f  the beam stable) and the generation o f  synchrotron 
radiation as electrons are bent around a magnet.
Unlike powdered samples, single crystal patterns can only be recorded by 
rotating the crystal in the X-ray beam. Single crystal X-ray diffraction patterns are 
measured using a four-circle diffractometer (Fig.3.2 (a))[l]. The unit cell dimensions 
of the crystal are calculated and the angular settings (tp, 0 and Ü) of the 
diffractometer components needed to observe any particular (hkl) reflection is 
determined. The crystal and detector are then moved for each other in turn, and the 
diffraction intensity measured at each setting. Advances in computational techniques 
allow more than automatic indexing, including automated determination of the 
shape, symmetry, and size of the unit cell.
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3.1.1.3. Synchrotron radiation
Synchrotron radiation is intense polychromatic electromagnetic radiation 
emitted by accelerated electrons going at near relativistic speeds along a circular obit 
in magnetic fields o f synchrotrons or storage rings (Fig. 3.2 (b)).
The radiation, emitted tangentially from the ring at each magnet point, has a 
continuous spectrum, ranging from infra-red to X-rays. A single wavelength of any 
value can be selected by a monochromator (X-rays are tunable) that is many orders 
of magnitude more intense than the output of an X-ray tube.
The disadvantage o f a synchrotron source is that o f size and cost that makes it 
not laboratory commonplace. The quality and tenability o f the intense X-ray beam 
allows greater detail to be extracted from the sharper X-ray diffraction pattern 
generated by the synchrotron.
3.1.1.4. Structural refinement
A powder diffraction pattern can be used as a ‘finger print’ to identify the 
topology o f the structure by simply matching the observed reflections with that o f a 
known compound. More data can however be extracted from the diffraction pattern 
by using a number o f fitting techniques.
The Rietveld refinement method describes the diffraction peak profiles in 
terms o f spectral, instrumental and diffraction functions and the background. The 
parameters describing the structure (e.g. atom positions), diffraction optics, 
instrumental factors and other characteristics, can simultaneously be refined (by least 
squares fitting) to give the best fit between the observed intensities and those 
calculated from the model o f the structure deduced from the diffraction pattern. This 
procedure can be used to obtain unit cell parameters and contents, providing that a 
high enough quality pattern is available (often lab-obtained patterns are insufficient) 
and that some information o f the structure is known.
Impurity phases that may perturb the refinement of the crystal o f interest can 
be identified and extracted from the refinement of the crystal structure by a Le Bail 
extraction. The Le Bail fitting procedure assigns observed intensities to individual 
Bragg intensities and refines these values separately. No structural information apart
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form unit cell and resolution parameters is required and can therefore be performed 
on low quality data, but is consequently more prone to fitting instabilities.
An assessment o f merit o f a refinement is measured in terms o f the R factor 
(residual factor), which is the difference between the calculated and experimental 
patterns. The magnitude o f the R-factor indicates the quality o f the experiment and 
the sufficiency o f the given experimental set o f parameters for the refinement.
3.1.2. Scanning electron microscopy, SEM
The scanning electron microscope (SEM) is an instrument that produces 
high-resolution images o f a sample surface. SEM images have a characteristic three- 
dimensional appearance and are used to investigate the structure o f surfaces. SEM 
was utilized within this thesis as a tool to confirm that the crystal morphology of 
synthesised Na-J(BW) and Li-A(BW) was that previously reported[2, 3].
In a typical SEM, a beam of electrons is produced by an electron gun at the 
top o f the microscope. The electron beam, which usually has an energy o f up to 
100 keV, is focused by condenser lenses into a beam with a very fine focal spot of 
0.4-5 nm. The beam travels through electromagnetic fields and lenses that deflect the 
beam horizontally and vertically so that it scans in a raster fashion (repetitively 
scanning in the x-direction while moving stepwise in the y-direction) over an area o f 
the sample surface. Once the primary electron beam hits the sample, the electrons 
lose energy by repeated scattering and absorption. The energy exchange between the 
electron beam and the sample results in the emission of X-rays, backscattered 
electrons, and secondary electrons that the detector then converts them into the final 
image.
Samples are prepared by coating the sample with an ultra-thin layer o f an 
electrically conductive material, such as gold, platinum, tungsten etc. This is done to 
prevent the accumulation of static electric fields at the specimen due to the electron 
irradiation required during imaging.
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3.1.3. Energy Dispersive X-rav spectroscopy, EDX
Energy dispersive X-ray spectroscopy is an analytical tool used mainly for 
chemical characterization. EDX can be performed in conjunction with SEM, 
providing quantitative analysis o f the composition o f the sample.
The incident electron beam of the SEM is directed towards a specific point on 
the sample surface. The electron beam excites an electron in an inner shell prompting 
its ejection (ionization) resulting in an electron hole within the electronic structure o f 
the atom. An electron Ifom the outer, higher energy shell falls to occupy the vacancy, 
emitting the excess energy in the form o f an X-ray. The spectral lines created by the 
emitted X-rays are highly specific to individual elements, which can therefore be 
quantified, providing percentage occurrence o f each element from which the sample 
formulae can be deduced.
3.2. Simulation Techniques
Simulation techniques are applied to sample energy surfaces, searching for 
energy minima of individual molecule and crystal cell structures. Minimum energy 
configurations correspond to stable structures. Simulation of minimum energy 
structures enable the sampling o f the behaviour o f molecules and crystals under 
conditions that may be unachievable experimentally and properties that may be 
indistinguishable by current experimental probing techniques.
3.2.1. Energv surfaces and minimisation
During a simulation, minima are located using numerical methods, which 
gradually change the coordinates to produce configurations with lower and lower 
energies until the minimum is reached. An energy surface however may include more 
than one minima (Fig. 3.3). The minimum with the very lowest energy is known as 
the global energy minimum, with the highest point on the pathway between two 
minima known as the saddle point, corresponding to transition state structures.
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At a minimum point the first derivative of the function with respect to each 
variable is zero and the second derivatives are all positive:
>0 (3.2)
The functions of interest in this study are lattice, molecular mechanics and 
quantum mechanics energy with the variables jc, being the cartesian and internal 
(defined by the Z matrix in quantum mechanics) coordinates of the atoms.
A variety of minimisation algorithms are used to identify geometries that 
correspond to minimum points on the energy surface and hence the most stable 
structures and geometries that are most likely to exist. There are many different 
approaches to sampling the energy surface, the chosen pathways being dependent on 
computational expense and description of the system, discussed later in the 
appropriate sections.
Saddle Point
I
A minima
Global energy minimum
Conformational parameter
Figure 3.3: A schematic one-dimensional energy surface. The arrows from each point A-D depict 
moves by minimisation methods downhill to the nearest minimum. Statistically, narrow deep minima 
may be less populated than broad minima that may be higher in energy due to the more widely spaced 
vibrational energy levels in narrow minima that are consequentially less accessible.
Minimisation algorithms can only go downhill on the energy surface and so 
they can only locate minima nearest (via downhill movement) to the starting point 
(Fig. 3.3). Some sophisticated minimisation methods can make uphill moves to seek
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minima lower in energy than that nearest to the starting point, but no algorithm has 
yet to be proved capable o f locating global energy minima from a single arbitrary 
starting position. For this reason, the input coordinates to a minimisation program 
may come from a variety o f sources. The initial model coordinates may be obtained 
from an experimental technique, such as X-ray crystallography or NMR, or from 
previous theoretical studies, or a combination of both. In any case, often a number of 
starting conformations may be sampled in an attempt to reach the global minimum. 
In this study, unless otherwise stated, energy minimum structures are obtained by 
sampling from a number o f starting configurations, details o f which can be found in 
the corresponding sections.
3.2.2. Static atomistic modeling
Here, static atomistic modeling describes species within 3D systems in 
accordance with the Bom model o f ionic solids[4], such that each atom is 
represented as a point charge. The energetics o f the system is described in terms of 
attractive and repulsive forces between ions within the unit cell and its replicates, 
under periodic boundary conditions. The full potential for ionic models can be 
written as:
E  = ^  ^ i-b o d y  (3 ,3 )
The components o f the lattice energy can therefore be divided into two 
classes; long-range coulombic interactions and short-range interactions, spanning 
from those between the core and shell o f the same oxygen ion, extending to 3-body 
interactions. More generally, the energy expression is partitioned into n-body 
interactions, such as for molecules, for zeolitic ionic models however it is tmncated 
to 3-body interactions, as higher order interactions are small enough to be ignored[5]. 
As it is unfeasible to calculate the interactions to infinity, real-space finite cut-offs 
are placed on the computation o f the interactions.
The potentials used to describe the interactions between species within a 3D 
system are mostly system specific, derived from previous efforts for similar 
materials. The variables are fit to known experimental values for physical properties
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such as elastic properties and enthalpy of hydration and values obtained from ab- 
initio electronic structure calculations.
3.2.2.1. Long-range potential
The long-range coulombic (electrostatic) interactions are described by 
application o f the Ewald summation[6 , 7]. In this method, each particle interacts with 
all the other particles in the simulation box, and with all their images in an infinite 
array o f periodic cells. The summation of the charge-charge interactions between the 
charges in the simulation box and all images o f the particle in the infinite array o f 
periodic cells and the interactions between pairs o f charges in the simulation box, is a 
conditionally convergent summation. This means that the summation contains a mix 
of positive and negative terms, which when considered separately, the positive and 
negative terms form divergent series. The sum o f a conditionally convergent series 
depends on the order in which the terms are considered. An additional problem is 
also that the coulombic interactions can vary rapidly at small distances, and decay 
slowly at large charge-charge distances. The Ewald sum converts this summation 
into two series, one in real- and one in reciprocal-space, each of which converges 
more rapidly than the conditionally convergent sum, and deals with the variation of 
the coulombic interaction at small and large charge-charge distances (r). Each charge 
is surrounded by a neutralising charge distribution. The sum of the interactions is 
then converted to a dual sum, a sum of the interactions between charges, plus the 
sum of the neutralising charge distributions. This is calculated in real space, and, like 
the coulombic interactions, is a rapidly convergent series that, beyond a cut-off 
distance, is negligible. An additional charge distribution is added to the system to 
exactly counteract the first neutralising distribution, the summation o f which is 
performed in reciprocal space. The distribution o f the summation over real and 
reciprocal space, and hence the number o f terms, is dependent on a parameter which 
is weighted by the computational cost, the optimal value of which minimises the 
number o f terms to be evaluated in real and reciprocal space and consequently 
minimises the computational cost. This improves the scaling o f the Ewald sum with 
system size, from to
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3.2.2.2. Shell model
E  Spring (core-shell) =
Zeolite materials possess electron rich oxygen atoms within their framework 
and water molecules within their pores and channels. The Bom model o f solids, 
however, does not take the effect of ion-polarisability into consideration. A 
description of the polarisability of the oxygen atoms needs therefore to be 
considered. This is encompassed in the shell model o f Dick and Overhauser[8], 
where each ion is represented by a pair o f point charges - a positive core and a 
negative massless shell connected by a harmonic spring. The polarisability o f the 
model ion is then determined using the oxygen spring constant and the charges o f the 
core and shell. The energetics o f the system is described in terms o f short-range 
attractive and repulsive forces between the core of each species and the shell o f 
oxygen species described by interatomic potentials (eq. 3.4, where k  is the spring 
constant).
3.2.2.3. Interatomic Potentials: The van der Waals energv
Inter-atomic potentials describe the interactions within a system in terms of 
attractive and repulsive forces between non-bonded species, or those not directly 
bonded to one another within the same molecule - the van der Waals energy 
(VDW)[5]. This may be, for example, the interaction between two water molecules 
or the two hydrogen atoms at either end o f the water molecule. At large interatomic 
distances the van der Waals energy goes to zero, but at very small distances it is very 
repulsive. The latter is due to repulsive overlap o f the electron clouds that reside on 
each atom whilst at intermediate distances there is attraction due to electron 
correlation (induced dipole-dipole interactions). Although the individual species may 
not be polarised, the movement of electrons as the species approach each other 
creates a dipole that attracts them to one another. Theoretically, this attraction varies 
as the inverse of, at least, the sixth power o f the interatomic distance. Not only are 
dipole-dipole interactions induced, higher order polarisation, such as quadrupoles 
and octapoles, are also induced.
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The force associated with the van der Waals potential is referred to as 
dispersion -  the r'^ term. A general form of the van der Waals energy is given:
(3.5)
I'- )
'vdw
As a consequence of a large number of van der Waals interactions, a group of 
potentials are usually applied to accurately model the interactions within a system, 
encompassing each aspect o f the van der Waals expression. For example, such 
potentials include the Lennard-Jones potential, Buckingham potential, Morse 
potential and 3-or many-body potentials.
3.2.2.3.1. Lennard-Jones potential
The Lennard-Jones (LJ) potential 10] describes the repulsive form of the 
VDW energy function. It goes towards zero as r goes to infinity and approaches zero 
faster than the r"^  term as the energy approaches zero, satisfying the conditions for 
the appropriate estimation for the repulsive functional form.
The LJ potential takes the form for the interaction between two atoms and is 
characterised by an attractive part that varies as r'^ and a repulsive part that varies as 
r-'2.
E u  = also E ^  -  —  — ^[9, 10] e.g 0 - 0  (3.6)
Two adjustable parameters are present: the collision diameter a, the 
separation for which the energy is zero, and the well depth e (Fig. 3.4(a)). The 
parameters A and C are adjustable parameters, which are system specific. The energy 
potential passes through a minimum at r^. At this separation the first derivative of
the energy with respect to the intemuclear distance is zero i.e. dv/dr = 0 , at which
1
point r^ = 2^(j [5].
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The term can be replaced by a more realistic model which more 
accurately describes the repulsion, such as the Buckingham potential 11].
I
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Figure 3.4: A schematic representation o f  (a) the Lennard-Jones potential and (b) the Buckingham  
potential [5].
3.2.2.3.2. Buckingham potential
The Buckingham potential comprises o f a repulsive exponential and an 
attractive dispersion term between pairs o f species.
£(r) = ^exp Cr~^[9] e.g. Si-0 (3.10
\  y  y
There are two adjustable parameters in the Buckingham potential; A 
(steepness o f the repulsive wall) and p (the curvature of the potential/width of curve) 
within the short-range repulsion term, explained by Pauli's exclusion principle. At 
very short distances the potential becomes strongly attractive (Fig. 3.4(b)). This 
could lead to nuclei being fused together during a calculation. An appropriate cut off 
is thus set as an attempt to avoid such a close approach.
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3.2.2.3.3. Morse potential
The Morse potential models the interactions between bonded species and has 
an exponential dependence and the correct general shape o f the overall interatomic 
potential (Fig. 3.5). The Morse function takes the form
E M o r s e  = A  “  0^ )]F [^1 G.g. O-H bonds of water (3.8)
where De is the depth o f the potential energy minimum, /o is the reference value of 
the bond length and a = co^/u 12D  ^ , where p is the reduced mass and co is related to
the force constant of the bond, k hy co = yjk/ /u [5].
Separation
Figure 3.5: A schematic representation o f  the Morse potential; the variation in bond energy, v(l), with 
interatomic separation, where / is the bond length[5].
3.2.2.4. Energv minimisation: The Newton-Raphson Approach
When an adequate interatomic potential is found, the energy o f a zeolite 
structure is minimised by the application of iterative minimisation techniques. A 
number of minimisation techniques exist which can be used to optimise the geometry 
of a zeolite structure, such as the conjugate gradient and steepest decents method. 
The approach adopted here is the Newton-Raphson method[5]. The total energy 
about any given point can be expanded as a Taylor series:
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E { x  + dx)= E { x )  + E'{x)dx + 1  E"(x)dx^ + ....... (3.9)
where E’(x) is the vector o f the first derivatives (the gradient vector) at x  and E ”(x) 
is the matrix o f the second derivatives, the Hessian. In the harmonic model, 
differentiation o f the above formula would enable the estimation o f the vector dx 
from the current point to the energy minimum in one swoop, such that;
H = E"x
dx = H ‘g where g = E'x (3.10)
In the Newton-Raphson method, this procedure is followed iteratively until 
the minimum is reached. However, two complications exist: (a) the second derivative 
matrix, the Hessian, is computationally expensive to calculate exactly and (b) if  the 
Hessian is not positive then the Newton-Raphson procedure will converge towards a 
maximum along any imaginary modes instead o f towards a minimum.
To combat such complications, the inverse Hessian is updated between cycles 
o f minimisation based upon the gradient, g, and the position, x, vectors from the 
current and previous cycles. One o f the first methods was that proposed by Davidson, 
Flether and Powell (DFP)[12]. An improved alternative was later devised by 
Broyden, Fletcher, Goldfarb and Shanno (BFGS)[13] which includes an additional 
term.
^ -^1 + (^ ',>1 -g,)) (DFp)
' ( i^.i-->c,)(g,+i-g,) (g,+i-g,)^r'(g,+i-g.)
+ ((g,.i -g i)V -u
additional term (BFGS)
where the vector
(x,.,-x,)(g,.i-g,) fei.,-gj^rYg,.,-g,j
As the formula for the minimisation step is only an approximation, a search is 
performed during each cycle in which the curvature of the surface, in each direction 
from a certain point, is assessed before a path is taken;
dx = - a H “'g (3.12)
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where a is a parameter which gives the lowest energy along the direction o f the 
search vector. This procedure attempts to avoid an uphill graduation towards a 
transition state and directs towards the lowest energy pathway to a minimum.
Another, more accurate method exists - the Rational Function Optimisation 
(RFC) method - in which a true minimum is “guaranteed” within the parameter space 
specified, subject to the condition that there is a gradient component in any 
imaginary direction. This method involves the diagonalisation o f the Hessian to 
obtain eigenvalues and eigenvectors o f the Hessian at each step. Repeating this 
procedure will lead the system either up or down hill until a stationary point is 
located. In this way it is possible to locate transition states as well as minima.
The RFC method however is more expensive than the BFGS approach 
because of the determination o f the eigenvectors and the more frequent exact 
calculations o f the Hessian. A more efficient approach therefore is to use BFGS at 
the start o f the calculation and then switch to the RFO minimiser when the gradient 
norm (proportional to the net force on each of the atoms, the normalised gradient 
indicates how well the geometry has been refined) falls below a certain value, hence 
to a point closer to the minimum. The BFGS approach is the default method applied 
by the GULP code for computational efficiency[14].
3.2.3. Molecular Dvnamics
Molecular Dynamics (MD) simulates the motions of particles within a system 
with respect to the forces present. The collective motion of particles over time are 
described by iterative integration of Newton’s laws o f motion (i.e. F=ma), for each 
atom in the system. Evaluation of Newton’s laws of motion gives the position and 
velocities o f each atom at each time-step, allowing the evolution o f the system over 
time to be observed.
The force on an atom, Fi, can be calculated from the change in energy, dE, 
between its current position and its position a small distance away, dri (eq. 3.13).
= Fi (3 13)dr
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The atomic forces and masses can then be used to solve for the positions of 
each atom along a series o f small time steps, usually o f a maximum of a few femto­
seconds, to obtain the trajectory (series o f snapshots o f structural changes over time) 
of each atom. This is done by firstly calculating the atomic accelerations fi*om the 
forces and masses {F=ma), from which the velocities (eq. 3.14), and then the 
positions are computed (eq. 3.15).
dv (3.14)
dt
V , = J  (3.15)
dt
The initial atomic positions at time t can thus be used to predict the atomic 
positions at time t+At which can then be used to predict the positions at t+2(At) and 
so on.
The energy o f the system is calculated with respect to a microcanonical 
ensemble. The thermodynamic variables that characterise an ensemble can be 
regarded as the conditions under which the laboratory experiment would be 
performed. Two such approaches exist: Hamiltonian, in which the energy o f the 
system is conserved (NVE ensemble), and Non-Hamiltonian Mechanics, in which 
algorithms are designed to describe each ensemble.
In practice, the atoms are assigned initial velocities that conform to the total 
kinetic energy o f the system, which is dictated by the desired simulation temperature. 
The system, which is initially at absolute zero, is slowly heated to the desired 
temperature at which time, the structural and dynamical properties o f the system are 
allowed to equilibrate among the constituent atoms. The accuracy o f the numerical 
integration of the equations o f motion and hence the state o f equilibrium depends 
upon the time-step chosen, typically a maximum of a few femto-seconds.
The time step, dt, chosen depends on the nature o f the system such that it
must be smaller than the typical time taken for a molecule within the system to
perform its most rapid motion i.e. time taken for the highest frequency vibration or
oscillation. The finite duration o f the MD simulation is then chosen in order to
encompass the specific properties o f interest.
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Combined with the sampling o f high temperatures, such as a few hundred or 
thousand degrees, the local area around the starting point of the simulation can be 
sampled, with barriers o f a few kcal/mol overcome. Different minima can be 
generated and hence sampled by selecting configurations at intervals during the 
simulation, and subsequently minimising these structures. At sufficiently high 
temperature and long simulation time, all o f the conformational space can be 
sampled. Typically however, the duration o f the simulation is short, sampling only 
local minima of the sites o f interest.
3.2.4. Electronic Structure elucidation
Quantum mechanics (QM) explicitly represents the electrons in a calculation. 
It is thus possible to derive properties that depend upon the electronic distribution 
and, in particular, to investigate chemical reactions in which bonds are broken and 
formed. Such qualities are what differentiate quantum mechanics fi'om force field 
methods, such as those discussed in previous sections.
In this study, QM was used to investigate the structures and reactivates of 
aluminosilicate oligomer fragments (see Chapter 5). Energy minimisation and 
simulated annealing calculations were performed, as well as obtaining population 
analysis in the form of charge distribution throughout fragments, and statistical 
mechanics calculations to obtain a more thorough breakdown of the components of 
energy o f the molecules.
A brief introduction to electronic structure methods is now presented, 
including Hartree-Fock(HF), Density Functional (DFT) and Plane Wave (PW) 
Theory. The approaches used to model solvation are also discussed followed by a 
brief overview of the principles o f statistical mechanics. Firstly however, the basics 
of QM will be introduced.
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3.2.4.1. Schrôdinger Equation
To calculate the potential energy surface o f a QM model, it is necessary to 
attempt to solve the Schrôdinger equation.
//Y  = EY (3.16)
m  = (3.17)
' a
where H  is the Hamiltonian operator, Y the wave function, which is dependent on the 
position and spin o f all particles, E is the energy o f the stationary state and h=hJ2n, 
where h is Plancks constant.
The time-dependent Schrôdinger equation (eq. 3.17) is the quantum 
mechanical equivalent to Newton’s second law. Conversely to the description o f the 
potential energy surface using classical mechanics, the Schrôdinger equation 
encompasses the dual wave and particle characteristics o f electrons in the form of the 
wave function, Y.
If the Hamiltonian operator is independent of time, the time dependence of 
the wave function can be separated out to then obtain the time-independent 
Schrôdinger equation (eq. 3.16). The time-independent Schrôdinger equation is 
dependent on the position vector, r, the square o f the wave function then giving the 
probability o f finding the particle at a given position.
The total Hamiltonian operator, //, can be divided into contributions from the 
kinetic energy o f the nuclei (r„) and the electrons (7^) and the potential energy (F) 
from the nuclei-electron, F„e, electron-electron, Fee, and nuclei-nuclei, F„„, 
coulombic interactions:
H = T„ + T^ + V„^  + V„ + V,^  (3.18)
However, the Schrôdinger equation can only be solved exactly for the 
simplest o f only one-electron systems. For many electron systems, atomic and 
molecular, approximations must be applied. One such approximation is the Bom-
Oppenheimer approximation, which allows the Schrôdinger equation to be solved to 
a sufficient level o f approximation within modem QM methods.
The Bom-Oppenheimer (BO) approximation states that electrons move 
rapidly compared to the significantly heavier nuclei, and that consequently the 
Schrôdinger equation can be solved assuming that nuclei are stationary. 
Consequently, the electronic wavefunction depends only on the position o f the nuclei 
and not their momenta. By application of the BO approximation, the Schrôdinger 
equation is solved for only the electrons at fixed nuclear positions, reducing the cost 
of the calculation by effectively eliminating the T„ term from eq. 3.18. By 
considering only the electronic Hamiltonian, relativistic effects are implicitly 
neglected, another approximation to the solution o f the Schrôdinger equation.
The Schrôdinger equation is solved for a set o f Y subject to the constraint that 
the wavefunction is anti-symmetric. This means that the wavefunction changes sign 
if the coordinates o f any two electrons are interchanged (as electrons are fermions 
with spin %). The Pauli principle, which states that no two electrons can have all 
equal quantum numbers, is a direct consequence o f this anti-symmetry requirement.
All ab-initio (Latin for “from the beginning”) methods (Schrôdinger equation 
solved from fundamental physical principles) work on the basis of approximations in 
order to make the calculations feasible in terms o f computational cost / time. In order 
to appreciate the application o f DFT, one has to also understand the preceding 
Hartree-Fock method.
3.2.4.2. Hartree-Fock Theory
The energy o f an approximate wave function can be calculated as the 
expectation value of the Hamiltonian operator, <Y |//|Y>, divided by the normalised 
wave function, <Y|T>;
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where, Y* is the complex conjugate of Y, and for a normalised wave function, the 
denominator is 1. The energy is thus a functional o f the wavefunction. The energy is 
higher than that of the ground state (Eq) unless the wavefunction corresponds to Yq -  
the variational theorem; E[Y]>Eo. The ground state wavefunction and energy may 
be found by searching all possible wavefunctions for the one that minimises the total 
energy.
The anti-symmetry condition of the wavefunction can be achieved by 
building it from Slater Determinants (Ogo), where the columns are single electron 
wave functions (orbitals) and the rows are electron coordinates. When considering 
many electron systems, the one-electron wavefunctions are molecular orbitals,
^SD ~
A(i) A(1) K .
1 A (2) «>2(2 ) K .
■Jn ! K . K . K . K .
A{N ) M n ) K .
W j ) -  ^ ij (3.20)
The wave function must also satisfy the orthonormality condition (<%), which 
states that the wave function is both orthogonal (multiplied by its complex conjugate) 
and normalised (integrated over all space).
For a molecular or crystalline calculation, the initial approximation for one- 
electron wave functions are typically a linear combination of gaussian-type atomic 
orbitals (LCAO). This approach reduces the computational expense o f the calculation 
compared to using Slater type orbitals. Thus;
V| = [5] (3.21)
V=1
where ^  are one-electron atomic orbitals (basis functions), i is an index which labels 
the particular molecular orbital, c is a expansion coefficient and K is the number of 
basis functions. The problem in finding the wave function is thus reduced to finding 
values for the expansion coefficients that give the lowest energy of the system.
To generate approximate solutions the variational principle is employed, 
which states that any approximate wave function has an energy above or equal to the
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exact energy o f the actual wave function. By making a trial wave function containing 
a number o f parameters, we can generate the ‘best’ trial function of the given form 
by minimising the energy as a function o f these parameters[9]. This is the basis of 
the Hartree-Fock method, also known as the self-consistent field method (SCF).
In the Hartree-Fock method, the orbitals are optimised by requiring them to 
be the eigen functions of a new one-electron operator, the Fock (F) operator;
(3.22)
where 8i is the energy of a single atomic orbital, and
F: (3.23)
j=f
where is the one-electron core Hamiltonian and Kj is the exchange operator, a 
sum of the kinetic energy operators for each electron, the intemuclear repulsion 
energy, and a sum of the nuclear-electronic coulombic attraction terms. The 
coulombic repulsion terms between electrons, Jj, is calculated by treating all o f the 
other electrons within the system as a smooth distribution o f negative charge (mean- 
field theory), a major simplification inherent to the Hartree-Fock method.
Recasting the Hartree-Fock equations in matrix form, including the atomic 
orbital expansion for the orbitals, are the Roothaan- Hall[15, 16] equations;
FC = SCg (3.24)
where the matrix C elements are the coefficients the S matrix contains the overlap 
elements between basis functions and the F matrix contains the Fock matrix 
elements. A solution to the above equation exits only if the condition below is 
satisfied;
rf« |F -£S | = 0 (3.25)
Starting values of the expansion coefficients Cv, are given as educated guesses 
or from the results of simple calculations. The determinantal equation is solved after 
yielding values of £ which are substituted in the secular equations to give new values 
of the various Cv/. The process is then repeated until the Cy, resulting from one cycle is
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identical within the prescribed limits with those in the previous cycle -  the results are 
thus self-consistent.
The Hartree-Fock method makes 4 major simplifications to solving the 
Schrôdinger equation;
1. The Bom-Oppenheimer approximation
2. Variational solution assumed to be a linear combination o f a finite number o f basis 
functions (LCAO), usually chosen to be orthogonal
3. Each energy eigenfunction is assumed to be described by a single determinant 
(anti-symmetrised product of one electron wavefunction (i.e. orbitals))
4. Mean field approximation is implied -  deviation from this assumption would 
involve considering electron correlation.
Improvements to the Hartree-Fock method, termed post-Hartree-Fock 
methods, have focussed on including a representation o f electron correlation instead 
of simplifying the motion o f electrons within the mean-field approximation. Such 
methods include Configuration Interaction (Cl) methods, which allows further linear 
mixing to take account of excited configurations;
^ im p ro v e d  ~  ^o'^O + ^2^2 ■*" (3.26)
where Yo is the Hartree-Fock wavefunction, 'Fx>o are wavefunctions representing the 
excited states and Cy^ are mixing coefficients, the values o f which chosen to 
maximise the improvement. These excited states have also be incorporated via 
perturbations (F) to the Hamiltonian (Moller-Plesset perturbation theory[17]);
H  = Hç^+ÀV (3.27)
where H  is the true Hamiltonian, expressed as a sum of the “zeoth-order”[5] 
Hamiltonian Ho and a perturbation V, the magnitude o f which is determined by the 
parameter 1 (0-1 ).
The computational cost of such improvements however is very high and 
scales prohibitively quickly with the number of electrons treated. Alternative
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methods that are more accessible for larger systems, whilst taking consideration of 
electron correlation are essential.
3.2.4.3. Density Functional Theory
Density Functional Theory (DFT) is based on the proof by Hohenberg and 
Kohn[18], which shows that the ground state electronic energy can be determined by 
the electron density, bypassing the costly solution o f the Schrôdinger equation. 
Whereas the many-body wavefunction depends on 3N variables (three spatial 
variables for each N electrons), the electron density is only a function o f three 
variables (the same three spatial variables) independent o f the number of electrons 
and is thus less costly to determine. The computational economy of DFT has been 
the main factor in its widespread use within simulation research.
Hohenberg and Kohn[18] proved that the ground state energy is a function  o f 
the density. The energy, E, is then a functional of the density. Later work by Kohn 
and Sham[19] expressed the energy o f an N-electron system with the full expression;
E[p{r^  =£■*:£ K '-)]  + £■// W '-)] + Exc  K ' ') ]  + £■«£ K '') ]  (3-28)
where p(r) is defined in terms of one-electron orbitals
V 2
(329)
;=1
and the components o f the functional; Eke, the kinetic energy o f a system of non­
interacting electrons with the same density p(r) as the real system. Eh is the Hartree 
electrostatic energy (coulombic electron-electron energy), E%c contains contributions 
from the exchange and electron correlation, and E n e  is the nuclei-electron energy o f 
attraction.
By introducing the expression for the electron density and applying the 
appropriate variational principle[5], the following one-electron Kohn-Sham equation 
results:
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where
and 8i are the orbital energies and Vxc is the exchange-correlation functional, related 
to the exchange-correlation energy by eq. 3.31.
The total electronic energy can then be calculated using eq. 3.28 and the Exc 
from eq. 3.31. However, to solve the Kohn-Sham equations, a self-consistent 
iterative approach is taken, whereby an initial guess of the density (via construction 
of an initial set of molecular orbitals) is fed into eq. 3.30 from which a set o f orbitals 
can be derived and lead to an improved value for the density. The new density is then 
used as the feedstock for the second iteration, and so on until convergence is 
achieved.
The quality of the DFT method is vitally dependent on the description o f the 
exchange and correlation functionals. Many approximations to the exchange- 
correlation functional exist, the simplest of which is the Local Density 
Approximation (LDA), which assumes that the charge density varies slowly on an 
atomic scale and therefore models the electron density as constant throughout all 
space; as a uniform electron gas. The real electron density surrounding an element at 
position r is replaced by a constant electron density with the same value as at r. The 
total exchange-correlation energy, Exc, can then be obtained by integrating over all 
space, where Gxc is the exchange-correlation energy per atom as a function o f the 
density in the uniform electron gas:
(3.32)
Improvements to this model include the gradient-corrected ‘non-local’ 
functionals, which depend not only on the electron density at each point in space, but
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also its gradient. These gradient corrected functionals, termed the Generalised 
Gradient Approximation (GGA), have greatly improved the success o f DFT and are 
the favoured functionals used within DFT simulation studies.
A number of both LDA and GGA functionals are available for simulations 
using DFT. A popular exchange and correlation functional are those proposed by 
Becke[20, 21] and Lee-Yang-Parr[22], respectively, the combination o f which is 
commonly abbreviated to BLYP.
Improved hybrid Hartree-Fock/DFT functionals also exist, in which the 
Hartree-Fock treatment o f the exchange contribution is combined with the DFT 
electron correlation contribution. One such improvement to the BLYP functional is 
that in which Becke’s[20, 23, 24] exchange functional is combined with the HF 
contribution, along with the Lee-Yang-Parr[22] correlation functional and the LDA 
functional of Vosko, Wilk and Nusair[25] (VWN), the linear combination o f which 
is termed the B3LYP functional[26].
In addition to the expression for the exchange-correlation energy, there are a 
plethora o f ways that DFT can be implemented, including different functional forms 
for the basis set (Gaussian, Slater type orbitals, or numerical), different expressions 
for the gradient corrections and different ways to solve the Kohn-Sham equations. 
These factors differ within, and between selected implementation codes.
DMol^[27, 28], used within this study, defines molecular orbitals using 
numerical basis functions. The quality o f these orbitals minimises the basis set 
superposition errors[27] and gives a more precise description o f even weak 
interactions, such as hydrogen bonding. Geometry optimisation within DMol^[27, 
28] is made possible by evaluating the derivative o f the total energy with respect to 
nuclear coordinates, using grid-based integration schemes, in a self-consistent 
iterative convergence sequence. Geometry optimisation of molecular fragments was 
performed not only in vacuo, but also considering solvation effects, the treatment o f 
which within DMol^, using the COSMO method, discussed later in section 3.2.5.1.
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3.2.4.4. DFT for solids: Plane waves and Pseudopotentials
Plane wave basis sets are the common choice for calculations on periodic 
systems. It allows DFT to be an accessible approach for the treatment o f solids. The 
approach implemented in this study is the conjugate-gradients approach within the 
CASTE? code[29], which uses DFT with a plane wave basis set to calculate 
electronic properties o f solids from first principles. CASTE? is designed to run on 
parallel systems and thus allows the simulation o f relatively large systems in a 
relatively short computational time, the solids modelled as a supercell.
Each orbital wavefunction is expressed as a linear combination o f plane 
waves, which differ by reciprocal lattice vectors, G:
v 'l ('■) = Z  ‘^ iMG exp{i{k + G )-r) (3.33)
where A: is a wavevector and a is a factor with the periodicity o f the supercell. This 
representation o f the wavefunction applies Bloch’s theorem[5], which states that the 
wavefunction o f a periodic system has a cell-periodic factor (a) and a phase factor 
(the plane wave).
For a periodic system, to infinity, there is an infinite number o f k  wavevectors 
for each of which a solution to the orbital wavefunction (eq. 3.33) exists. The change 
in the wavefunction with k becomes negligible for A:-points that are close together, 
and can therefore be represented by a single point. The number o f A:-points is 
sampled to reduce the computational cost whilst giving accurate approximations to 
the cell properties, such as the cell energy.
Figure 3.6: A schematic representation o f  a pseudopotential, (^/^ seudo- Reproduced from ref. [5].
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When calculating the properties o f a system, it is often that we are only 
interested in the behaviour o f the valence electrons as the core electrons are little 
affected by the atomic environment. The representation o f the valence electron 
wavefunction with a plane wave basis set however becomes convoluted near the 
atom nuclei, the wavefunctions o f the valence electrons varying rapidly because of 
the strong coulombic potential there and also because the requirement of the 
wavefunction to be orthogonal to those o f the core electrons (Fig. 3.6). These 
oscillations give rise to a large kinetic energy, and a very large number o f plane 
waves would be needed to properly model the electronic wavefunction accurately. 
This is dealt with by replacing the ‘true’ potential in these inner core regions with a 
pseudopotential, that gives wavefunctions with the same shape as the true 
wavefunction but with fewer nodes inside the core region, reducing the number of 
plane waves required to model the wavefunction (Fig. 3.6). The pseudopotential 
must be norm-conserving, meaning that it must reproduce the behaviour o f the 
valence electrons in the full calculations in the all-electron situation. A number o f 
functional forms are possible for pseudopotentials, differing in the number o f plane 
waves required for their representation (the softer the potential, the fewer plane 
waves required for their representation) and in the degree to which they can be 
transferred between different atomic environments. Ultrasoft potentials, which use 
reference energies that span the valance band and are more relaxed with respect to 
the norm-conserving demands o f the pseudopotential, are reported to be ‘much more 
transferable than the norm-conserving counterparts’[29], and are the favoured choice. 
Once the pseudopotential is employed, only plane waves with a kinetic energy less 
than some cut-off is included in the calculation, fitted to the system under 
investigation.
Real- and reciprocal-space grids are also a key feature in this method. FFTs 
(Fast-Fourier transform algorithms) are used to transform the data between the two 
spaces, splitting the calculation into terms that can be more easily calculated in 
reciprocal- or real-space, resulting in a much better scaling of the calculation. 
Whereas matrix diagonalisation scale as N^, that for the conjugate minimisation 
becomes (where N is the plane wave coefficients and is typically 100 times the 
number of ions[29]) for computation, allowing larger systems to be simulated. The
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grid used is fitted alongside the Â:-point sampling, a larger grid for larger /:-point 
separations.
The implemented pseudopotential functional and the fitted k-point separation, 
FFT grid and kinetic energy cut-off to the Li-A(BW) and Na-J(BW) periodic unit 
cell are described later within this chapter (section 3.4.8).
3.2.5. Modelling solvation
The simulation of solvation effects proves to be a problem within computer 
simulation. Although modelling the solvation of molecules with the individual water 
molecules may be the obvious choice, this is a complex and costly approach. The 
root of the complexity o f this problem is the localised interactions of water molecules 
with the molecular system, as well as with each other. The resulting plethora of 
orientations that the solvent molecules may take around the central molecule have 
been modelled using molecular mechanics or Monte-Carlo techniques.
Explicit solvent methods however are restricted by the approximation o f the 
interactions using classical force fields and the neglect o f polarisation effects. Most 
theoretical approaches refer to a continuum treatment of the solvent as a reasonable 
alternative. One such method that has been proven successful is a conductor-like 
screening model of the solvent molecule, COSMO[30] within DMol^, which has 
proved to be a satisfactory approximation of the exact solution[31-36]. Very recently, 
an adapted version of COSMO for atomistic methods has been proposed, in which 
the interactions are described using interatomic potentials, COSMIC (Conductor-like 
Screening Model with Integer Charge)[37].
3.2.5.1. COSMO
The COSMO approach is a continuum solvation model in which the solute is 
embedded in a dielectric continuum of permittivity, 8, which represents the solvent. 
The solute forms a cavity within the dielectric, the surface o f which (the cavity- 
dielectric interface) is the “solvent accessible surface”[30](SAS) (Fig. 3.7).
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Polarisable solvent 
(dielectric continuum)  ^ Polarisation / screening
charges
Molecular surface 
(cavity)
Figure 3.7: A schematic representation o f  the solute cavity and implicit solvent, the COSMO 
dielectric continuum. The screening charges are shown as residing on the cavity surface. The solute in 
this example is the silicate monomer (Si(0 H)4 ).
The cavity surface (SAS) is obtained by superimposing spheres centred at the 
constituent atoms of the molecule (represented by a discrete set o f points -  basic grid 
points), and discarding all parts lying inside the cavity (Fig. 3.7). The basic grid 
points are then divided into segments, the screening charges located at the segment 
points.
The crux of this approach is the calculation of the dielectric screening charges 
(screening the electrostatic field of the solute) and energies on the molecular surface 
(van-der Walls surface) using a boundary condition for a conductor[31, 34]. This 
condition requires that the total potential arising on the surface (Fror) due to the 
solute and screening charges is equal to zero, screening the molecular polarities 
perfectly (as a conductor would do):
+ = + = O (3.34)
where BQ is the potential arising from the solute charges, Q (the sum of the solute 
charges, such as the electron density and nuclear charges), J q  is the potentials arising 
form the screening charges, q and B and À are coulomb interaction matrices[30, 34]
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of the solute and screening charges, respectively. Applying this condition defines the 
screening charges as:
q = -A - 'B Q  (3.35)
These charges are then scaled by a factor, f(e) = (e-l)/(8+0.5), to give an 
approximation for the screening charges in a dielectric medium.
Dependent on the size o f the solute cavity, some of the electron density may 
reside outside of the cavity. This is the outlying charge error, which may perturb the 
solute-solvent energy[30, 34]. Efforts made to reduce this error have afforded 
satisfactory results when calculating solvation energies for neutral, anionic, and 
cationic molecules, to within 10, 20 and 13 kJmol’  ^ o f the experimental values, 
respectively.
3.2.5.2. COSMIC
The COSMIC[37] method is a model for calculating the solvation energy of a 
surface based on the implicit solvent model COSMO, discussed above. COSMIC 
extends the COSMO method to periodic systems, with 1-3D periodicity, with charge- 
charge interactions described by interatomic potentials. Adaptations to the algorithm 
for creation of the solvent accessible surface within COSMIC allow for; a smooth 
continuous solvent accessible surface by addition o f a weighing factor for the points 
on the solvent accessible surface; and the reduction o f symmetry-breaking forces by 
the use of a higher symmetry polyhedron from which the mesh points upon the 
surface are derived.
For the convergence o f the sum of electrostatic interactions between points on 
the SAS within periodic systems, it is necessary for the unit cell to be charge 
neutral[37]. The COSMO method does not place any constraints on the induced 
charges on the solvent accessible surface and consequently leads to a charged system 
in most cases. The COSMIC algorithm guarantees the charge-neutrality o f the 
solvent accessible surface, and the total system, by describing the induced charges, 
9 '^ . by:
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q ‘^ = q - w (3.36)
where w is the weighing vector for the points on the SAS, which is dependent on a 
switching function that ensures that the variation o f the induced charges is smooth 
with respect to changes in the number of points on the surface. During an energy 
minimisation calculation, the surface accessible area o f each atom changes as the 
atom moves, the points o f the solvent accessible surface moving from being 
excluded, because they lie within the area of another atom, to being included. The 
COSMIC algorithm for creating the surface accessible surface avoids discontinuity at 
the surface by incorporation o f this weighing factor to the inclusion o f points in 
segments. Given the above constraint on the induced charges, Cror becomes:
KosMJc-wr =BQ  + Aq (337)
Within the COSMIC model, the dielectric constant of water is taken to be
78.4. The assumptions made within the model include a water radius set at 1.3, and 
the radii o f atoms set to values that reproduce the experimental solvation energies, 
often set at the default values within COSMO. The remaining COSMIC parameters 
are reported to be “set to achieve a balance between precision and computational 
efficiency. The number of points and segments per atom are set equal to 326. A 
smoothing range o f 0.2 used to ensure the continuous behaviour o f the energy 
surface”[37]. This is a very new method, and is implemented in developmental 
versions o f the GULP[14] code.
Gale et al.[37] present COSMIC as an efficient technique to predict the 
solvent-dependent morphology o f barium sulfate in water, found to successfully 
match the observed equilibrium morphologies. They report that a failing o f the 
implicit solvent modelling is the description o f strong hydrogen bonding that may 
occur, and propose that this may be overcome by inclusion of an explicit monolayer 
of water, supplemented by the COSMIC solvation model. Here within this study, the 
COSMIC method is implemented as outlined by Gale et al.[31], and therefore also 
includes the failure of COSMIC to describe the hydrogen bonding that may be 
present on the surfaces o f the crystals of Li-A(BW) and Na-J(BW). We do however
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extend the study o f the surface structures of Li-A(BW) and Na-J(BW) with a more 
sophisticated simulation method, plane-wave DFT, the implementation o f which is 
discussed in a later section.
3.3. Implementation of Pair-Potential methods
3.3.1. Bulk geometry optimisations
The structural and thermodynamic properties o f numerous zeolites have been 
extensively and very successfully studied using static lattice methods [38, 39]. In this 
instance, the minimum energy configuration o f the bulk zeolite structures o f Li- 
A(BW) and Na-J(BW) were obtained by application of the static energy 
minimisation program GULP[14]. Species within the 3D simulation cells were 
described using the Bom model o f ionic solids, where each atom is represented by a 
point charge and non-Coulombic interactions are described by van der Waals 
attractive and repulsive forces under periodic boundary conditions, the details of 
which are discussed in Chapter 3.
Zeolite materials possess highly polarisable oxygen ions within their 
framework and may contain water molecules within their pores and channels. The 
polarisability of the oxygen ions can be approximated by the shell model o f Dick and 
Overhauser[8], and was adopted in this work. With the exception o f the Buckingham 
potential describing the interaction between lithium and oxygen ions, the 
intermolecular potentials used to model the interactions between component species 
o f Li-A(BW) and Na-J(BW) were those previously fitted to dense aluminosilicate 
zeolites and applied to describe a number o f dense zeolite frameworks by Lewis et 
a/. [40-42] and are therefore expected to be readily transferable to these systems. 
Water is described by potentials due to de Leeuw et a/.[43]. For each material, the 
proposed cell was relaxed at constant pressure such that all the species and cell 
parameters are free to vary, and with no symmetry constraints imposed on the cell 
contents. Note that each structure is relaxed to mechanical equilibrium at an effective 
temperature of OK.
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3.3.1.1. Assignment of Li-0 potential
An attempt was made to approximate a Li-O Buckingham potential by 
extrapolation of the description of similar alkali-metal cations with oxygen within 
zeolite frameworks by Lewis et a /.[40-42]. The estimated parameters (A = l303.90, 
p=0.26) were then fit to the generally known crystal structure o f lithium oxide, LiiO. 
Such a fit involves adjusting the parameters A and p, with no symmetry imposed on 
the cell contents, until the ‘sum of squares’ F, is close to, or is, zero;
(3.38)
allobservables
where fcaic and fobs are calculated and observed quantities, respectively, and co is a 
weighing factor [9].
Li20  has a simple cubic array o f lithium ions with oxygen anions occupying 
alternate cubic centres. The A and p parameters were adjusted (in 10% increments of 
the given values) independently in an attempt to reproduce the Li2 0  crystal structure.
The effects of varying the values o f the adjustable parameters A and p upon 
the shape of the Buckingham potential are such that:
An increase in the A parameter causes an increasingly repulsive potential to 
arise at small r (r<0.6). Consequently, the Li-O distances increase with larger 
A (p=0.26) as a result o f the increased repulsive nature of the Li^-O^' 
interaction.
An increase in p (A = l303.90) reduces the curvature o f the potential at 
moderate r (0.2<r<1.2), closer to the model Li-O distance (2.0Â) resulting in 
a pronounced increase in the repulsive nature of the Li^-0^' interaction. 
Longer Li-O distances and significantly larger unit cell parameters result than 
those from similar increments in A.
The extrapolated potential reproduced the well-known crystal structure of 
Li20 to within 1 % of the Li-O distances and unit cell parameters and was thus used 
to describe the Li-Of (O f = framework oxygen) interaction in the energy
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minimisation to follow. Similarly, the Li-Ow (Ow = water oxygen) potential was 
extrapolated from a description o f similar alkali-metal cations with the oxygen of 
water by Lewis et a/. [44, 45].
Note, however, that although the fitted potential appears to accurately 
describe the interatomic interactions between Li^ and o f Li2 0 , the high symmetry 
of the crystal structure imposes additional rigidity with respect to the ion positions. 
Symmetry of the ion sites as well as the interatomic interactions dictate the 
equilibrium distance between each species and hence their positions within the 
crystal. The ordered Li^ and positions therefore imply that Li20 is not an ideal, 
but an approximate test for measuring the qualities o f the Li-O interactions in 
systems with lower symmetry, such as Li-A(BW).
3.3.1.2. Assignment of the Na-O potential
The N a-0 Buckingham potential was obtained from personal communication 
with Lewis et a/. [44, 45] who extrapolated the potential from similar alkali-metal 
cation with oxygen within zeolite frameworks and was found to reproduce structural 
geometries extremely well. The transferability o f this potential was tested on the 
structure of Na-J(BW) (later validated further by treatment with plane-wave DFT 
(Chapter 6)), the geometry optimisation of which was found to reproduce the 
“general” experimental structure very well (see Chapter 4) (the interatomic potentials 
are provided in Appendix 1).
3.3.2. Molecular dvnamics
A molecular dynamics study was undertaken to model the thermal motion of 
the framework and interstitial species of Na-J(BW) at different temperatures. 
Evaluation of Newton’s laws o f motion gives the position and velocities o f each 
atom at each time step, allowing the evolution of the system over time to be 
observed. Molecular Dynamics (MD) simulations were performed using the 
DL POLY code, version 2.0[46]. In this study the isobaric-isothermal NPT ensemble 
was applied to a system of 3883 atoms in a 2x2x6 unit cell o f Na-J(BW) (created 
using the interatomic potential minimum energy 1x1x1 unit cell), resulting in a
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simulation cell o f «=32.852 6=30.028 c=31.344Â, with the unit cell parameters 
allowed to evolve during the simulation and no symmetry constraints imposed on the 
cell contents. The interatomic potentials used within the MD simulations were those 
applied in the static atomistic geometry optimisation o f the zeolite unit cells. An 
example o f the input files are given in Appendix 1.
In this work, one has to consider that the fastest motion o f the zeolite 
framework is similar to that o f the extra-framework water molecules; the core-shell 
vibrations of the framework and water oxygen atoms. Hence, a time step was chosen 
so that the motion of both entities are modelled appropriately, corresponding to a 
time step that is longer than the timescale o f the oxygen core-shell vibrations[43, 47]. 
A time step of 0.25fs (0.00025ps) to O.SOfs (O.OOOSOps), typically for equilibration 
and evolution of the system, respectively, was used for a period of a total o f up to 
175.Ops. Simulations were performed within periodic boundary conditions and using 
minimum image convention (to reduce computational expense) at temperatures o f 
100, 200, 300 and 400K. The system was equilibrated at each temperature over a 
timescale of 12.5ps to 37.5ps and then allowed to evolve for another 7Ops to 137.5ps. 
Details of the time steps and timescales used for each temperature are given in 
Appendix 1. The timescales o f the equilibration o f the system were longer for higher 
temperature simulations as they were expected to take longer to equilibrate compared 
to the lower temperature systems. Version 2.0 o f the DL POLY code does not allow 
for simulations at OK. The final high-temperature configurations were therefore 
optimised by quenching to IK, for timescales o f a total o f 150ps to 175ps, which 
allows for comparison o f the stability and cation site occupations seen in the high- 
temperature simulations (Chapter 4, Fig. 4.14). The final configuration from the 
lOOK simulation was used as the starting configuration o f the 200K simulation, the 
final configuration of which was used as the starting configuration o f the 300K 
simulation, and so on, in order to maintain consistency in the approach and also 
ensure that the computational cost o f the simulation was kept to a minimum.
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3.3.3. Crystal surface optimisations
The simulation o f crystal morphologies and surface structures offers an 
insight into possible growth units and the interactions at the solid-solution interface. 
Crystal surfaces have been extensively and successfully studied using static atomistic 
methods[37, 48-53]. In this study, the crystal surface structures were determined 
from the optimised unit cell structures obtained from atomistic methods, as outlined 
above, presented within Chapter 4.
Surfaces are modelled using 2-dimentional periodic boundary conditions. 
The simulation of the infinite number of layers is separated into two different 
regions, region 1(R1) and region 2(R2) (Fig. 3.8). R1 represents the surface layers of 
the model and the atoms within it are allowed to fully relax to their equilibrium 
positions during geometry optimisation of the simulation block. R2 represents the 
zeolite bulk and all atom positions are held fixed in their optimised coordinates (from 
unit cell optimisation). The purpose o f R2 is to provide an accurate description o f the 
bulk long-range potential acting on R l. The 2-dimentional lattice parameters are 
fixed at the equilibrium bulk values. A minimum number o f layers in each region 
must however be used in order to minimise the computational cost o f the calculation. 
Therefore, before a full surface optimisation can be performed, the minimum number 
of surface and bulk layers required to ensure a correct description o f the surface and 
the bulk, respectively, must be determined by convergence o f the surface and region 
1-region 2 interaction energies for Rl and R2, respectively (Fig. 3.8).
This is done to ensure that there is no interaction between species o f the 
uppermost layer o f region 1, and the species furthest away within the bulk layers 
(region 2). The species o f the uppermost layer of region 1, the surface-solution 
interface, are then free to interact with the solution species with the energy of 
reaction unperturbed by long-range interaction energy with the bulk. For the Na- 
J(BW) and Li-A(BW) surfaces, the electrostatic and surface energies were found to 
converge at 3 layers and 4 layers, respectively.
The dissolution of zeolite surfaces is modelled to assess the most favourable 
steps o f layer reassembly. The methods by which surfaces are cleaved and 
reconstructed are now discussed.
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Solid-Solution interface
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(Cn stal surface layers)
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(Cry stal bulk la>ers)
Figure 3.8: The Na-J(BW) (100) surface simulation block. The dashed lines separate the crystal 
layers. Region 1 encompasses the crystal surface layers and region 2 the crystal bulk layers. The extra 
framework species and surface terminating hydroxyl groups have been omitted for clarity.
3.3.3.1. Surface reconstruction and optimisation
Using the GDIS[54] program, each surface is cleaved at different positions 
through the unit cell, maintaining an apolar surface in each case. The surface dipole 
was reduced to zero in each case by displacing the appropriate charged surface 
terminating species to the bottom of the simulation block thereby redistributing 
charge and cancelling the surface dipole. Each cleaved surface was then 
hydroxylated, positioning hydrogen atoms 0.5 Â from the terminating oxygen atoms, 
satisfying the coordination sphere of the otherwise under-coordinated oxygen atoms 
on the surface. The surface models were optimised using the GULP/COSMIC code 
in a step-wise manner, optimising the OH positions first and then the whole structure 
in vacuo, followed by the full optimisation including the model for solvation. The
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interatomic potentials used to describe the interactions within the bulk and surface 
layers are those utilised in the unit cell optimisation calculations (Appendix 1), and 
the interactions between the surface and solution described using potentials 
pertaining to the COSMIC code. The cosmic radii o f the A1 (1.3553 Â), Na (1.8669 
Â) and Li (1.4346 Â) atoms were fitted to published values for their Gibbs free 
energy of hydration[55], as done for the COSMO code for the oligomer calculations 
discussed later. The default COSMO radii were used for the framework and 
interstitial Si (2.1000), O (1.7200) and H (1.3000) atoms. The hydroxyl hydrogens 
and oxygens have a different charge to those o f the framework and interstitial species 
and are represented by potentials proposed by Schroder et al.[56], implemented 
successfully for surface simulations of other hydroxylated zeolite surfaces[49]. 
Details of the COSMIC parameters and interatomic potentials are provided in 
Appendix 1. The lowest energy surface structures were regenerated via analysis o f 
the energetics of the higher energy surface terminations, corresponding to the 
assembly o f monomeric, dimeric and larger oligomeric species (Chapter 6).
3.4. Implementation of DFT methods
3.4.1. Oligomer starting geometries
The starting geometries o f the aluminosilicate fragments were created by 
substitution of the appropriate number o f Si atoms by Al. When more than one 
possible position for the Al exists within the fragment, each permutation was 
sampled and the lowest energy configuration reported.
For structures with more than one Al T atom, the substitution o f Si T atoms 
was performed in accordance to Loewenstein’s rule[57]. Simulation studies o f Bell et 
a/.[58] sampling the energetics of Al-O-Al linkages in zeolite A found a small 
energetic preference for the Loewenstein model, small enough however to be 
“overcome by thermal energies at high temperatures”[58]. Later simulation work by 
Catlow et al.[59] on the energetics o f Al-O-Al linkages in small rings and clusters, 
report a substantial energy penalty for the formation of Al-O-Al bridges in dimers, 
+41 and +53 kcal mol ', in both singly and doubly charged species, respectively. In 
the subsequent condensation o f Si-O-Al dimers (the formation of which is reported
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to be energetically favourable, -46 kcal mol'^) forming tetramer chains is lower in 
energy when in accordance with the Loewenstein model (-0.3 kcal mol'^) compared 
to the alternative model (+39 kcal mol'^). Although thermodynamic factors favour 
Loewenstein’s rule within bulk zeolites, as reported by Bell et a/.[58], it is thought to 
restrict Al distribution via the unfavourable energetics of the small clusters and rings 
which form during the synthesis o f zeolitic structures[59]. We explore configurations 
obeying only the Loewenstein model, but the non-Loewenstein model is considered 
in the closure of the high-Al Al-Si-Al trimer chain to form the high-Al trimer ring 
(ISi, 2A1).
3.4.2. Sampling of minimum energv oligomer structures
The flexible nature o f solution fragments and the number o f atoms in each 
fragment result in many degrees of fi*eedom and configurational entropy. The 
potential energy surface o f each fragment therefore comprises o f many local minima. 
To attempt to obtain structures corresponding to global minima, no symmetry was 
imposed upon the fi-agments during any calculations and a simulated annealing 
strategy, identical to that approved by Mora-Fonz et a/.[35, 36, 60] for silicate 
oligomers, was implemented to search for the lowest energy structures, as follows.
(a) Starting geometry was optimised using the local DFT PWC functional and a 
low cost basis set MIN (minimal basis set, 1 atomic orbital for each orbital 
that is occupied in the free atom) and “coarse” integration grid.
(b) Simulated annealing, performed using the same low cost local PWC 
functional and MIN basis set, involving a total of 3400 time steps o f 0.46 fs;
a. Melting from lOOK to 700K over 300 steps
b. Quantum mechanical molecular dynamics simulation (NVT 
ensemble) run at 700K for 2500 steps
c. Anneal from 700K to lOOK over 600 steps
The masses of all the constituent atoms were set equal, allowing mobility
and hence a more extensive sampling o f conformational space as the
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update of all atomic positions are treated on an equal basis. The initial
atomic velocities were assigned as random velocities, defined according
to a pseudo-Boltzmann distribution at the initial temperature.
(c) Energy minimisation of the post-simulated annealing geometries using the 
same functional and basis set as the initial minimisation o f the starting 
geometry.
(d) The final geometries were minimised using the non-local BLYP functional 
and a double numeric basis set DNP and a fine integration grid;
a. firstly in the gas phase
b. and then in solution (COSMO)
(e) Statistical mechanical calculation, in vacuo and in solution, using the same 
basis set and functional as the final energy minimisation calculations
(f) Sampling of 300 cation (Li or Na) positions around the aluminate monomer 
and each aluminosilicate oligomer using atomistic modelling (discussed in 
the following section 3.4.3).
a. Lowest energy atomistic models minimised using the local PWC 
functional and MIN basis set
b. More precise energy minimisation o f each permutation from previous 
step using the more precise non-local BLYP functional and DNP basis 
set
c. The lowest energy geometry from step (f)b minimised in presence o f 
solution (COSMO), using the same functional and basis set.
d. Statistical mechanical calculation, in vacuo and in solution, using the 
same basis set and functional as the final energy minimisation 
calculations
Geometry optimisation calculations minimise the energy to give the lowest 
electronic energy at OK, without correction for the zero-point energy (ZPE).
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Statistical mechanical methods[61] were applied to correct the final energy by taking 
account of
(a) The vibrational energy retained by each fragment at absolute zero (ZPE),
(b) The translational, vibrational and electronic contributions to the energy,
(c) Calculate thermodynamic properties such as the entropy, enthalpy and Gibbs 
free energy o f each fragment.
The free energies are computed at 298K and 450K (and OK), corresponding to 
the temperature at which experimental analysis such as XRD and NMR are 
performed, and that typical o f zeolite synthesis, respectively.
3.4.3. Cation location in oligomer-cation complex
The configurational entropy o f an oligomer with one or more coordinated 
cations is immense. In terms o f the potential energy surface, a significant number of 
local minima may exist, making the task o f obtaining the global minimum structure, 
via quantum mechanical methods, difficult and computationally very costly.
In order to obtain a suitable starting geometry for DFT simulation, the 
coordination space around each oligomer was sampled using comparably low cost 
atomistic simulation, utilising the GULP pair-potentials code. This was achieved by 
writing a Perl program to calculate 300 random positions a set distance away from 
the geometric centre o f each oligomer.
The position of each cation was set at a distance o f 2.5Â beyond the fragment 
(2.5Â being larger than the sum of the ionic radius of either Li (0.4 Â) or Na (1.02 
Â)[62] and the largest fragment ion, O (1.35)[63]). Each of the 300 cation positions 
was optimised, creating a spectrum of minimum energy cation locations. The 10-20 
lowest energy oligomer-cation geometries were then subject to low quality local DFT 
PWC/MIN geometry optimisation followed by more precise non-local DFT 
BLYP/DNP optimisation.
The number of random positions generated by the Perl program was limited 
to a total of 300 positions primarily to minimise computational expense. The key 
factor considered was the appropriate sampling of the space surrounding each 
oligomer to get a good indication of the preferred cation sites. The size o f the largest
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oligomer modelled, the 4-memebred ring, was used as a sample system (Fig. 3.9).
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Figure 3.9: Sphere o f  300 possible positions for a single cation around the 4-membered 
aluminosilicate ring oligomer. The figure comprises o f  red atoms denoting oxygen, lilac aluminium, 
yellow silicon, white hydrogen and turquoise lithium cations.
The number of conformations optimised using DFT was dependent on the 
energy distribution of the lowest energy models. Larger oligomers were found to 
have a broader distribution of low energy cation positions and hence a larger number 
of conformations were treated quantum mechanically in order to obtain a better 
estimate of the global minimum energy structure. The lowest energy structure was 
taken as the global minimum and optimised in the presence of the dielectric COSMO 
and analysed further by means of statistical mechanics. The strategy adopted is 
summarised in the previous section 3.4.2.
3.4.4. Modelling solvation
Solvation is modelled with a conductor like screening model, COSMO. An 
alternative, and more accurate method, is the modelling of explicit water molecules 
to fully represent the water coordination spheres of each solution fragment. In terms
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of computational cost, treating solvation spheres as a dielectric medium is, by far, a 
more tractable method o f modelling solvation. Within the COSMO model the 
dielectric o f water is taken to be 78.4. Improvements to the model can be made by 
fitting COSMO parameters to experimental solvation energetics, and hence obtain a 
closer simulation of the real hydrated system.
By default, each atom and ion within COSMO is described in terms o f its 
optimised COSMO radii (H, C, N, O, F, S, Cl, Br and I) or if  this is not known, 1.17 
times the Coulombic / van der Waals radius, with which it appropriately models its 
hydration sphere / dielectric cavity. In order to improve the representation o f the 
solvation of aluminosilicate fragments, in particular, that o f the charge balancing 
cation, the COSMO parameter (COSMO radii) o f the cations Li^ (1.4372) and Na^ 
(1.87) was re-fitted to reproduce experimental solvation energies[55, 64]. The 
hydroxide ion was also fitted to its molecular solvation energy[55]. The oligomeric 
Si, Al, O and H COSMO radii were set at the default values (noted above in section 
3.3.3.1).
^ ^ s o lv  ^ so l ^ g a s (3.39)
Fragment
Default
Esolv-def
Fitted
Esolv-fit
Experimental
Esolv-exp
Percentage error
in E jo lv -def
Percentage 
error in Ejoiv-fït
Na^ -290 -355 -365 20.55 2j #
Li+ -365 -464 -475 23.24 2 J 3
-1800 -1038 -1050 71.46 1.10
OH -387 -427 -430 9.99 0.60
Table 3.0: Fitted COSMO parameters to solvation energetics (Esoiv), noted in kJ mol . Energies used 
are the Icon + non-electrostatic solvation energy. Experimental values taken from Marcus[55]. 
Percentage difference between the calculated (Ejoiv-def calculated using the default radii, Esoiv-nt 
calculated using the fitted radii) and experimental solvation energies show improvement o f  the model 
and the estimated error in the cluster calculations.
The COSMO radii o f the O and H o f the hydroxide ion OH was fitted by 
firstly fitting that of the (0.6501) ion. The radii o f O (1.64) of the hydroxide ion 
was then fitted to reproduce the solvation energy for OH . The fitted radii for O and 
H were then tested upon water, resulting however in a calculated solvation energy (-
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82 kJmol'^) much more negative than the experimental value (-26 kJmol'^)[64]. The 
default COSMO radii for O and H were thus used when modelling water.
The fitted radii reproduce the experimental solvation energies to within 3% of 
the published values (Table 3.0), an indication o f the possible calculated error in the 
cluster energies obtained via this route. Note that fragments treated with COSMO 
will be referred to as “solvated” species and as fragments in the “solution phase”, 
with those modelled in vacuo referred to as “gas phase” oligomers throughout this 
study.
3.4.5. Estimation of error
DFT as a source for error is in part due to incomplete treatment o f correlation. 
This error is minimised by using the same simulation parameters for the simulation 
of each cluster throughout this work. In theory, error due to DFT should be self- 
cancelling within the calculation o f the condensation energies, as the error in the free 
energy of the reactants and products are relatively equal. The greatest error in the 
simulation work is arguably the error in the solvation energies o f the two cations Li 
and Na; the calculated solvation energies are found be within 3% of the experimental 
values (Table 3.0). This 3% margin o f error is therefore used as an estimation of 
error in the calculated condensation energies.
3.4.6. Mulliken population analvsis
Mulliken[65] population analysis gives the total effective number o f electrons 
in each atomic orbital and hence values for the effective charge on each atom. The 
Mulliken approach to charge analysis relates the total number o f electrons to the 
density matrix and to the overlap integrals. The atomic charge on each nucleus is 
calculated by the partitioning of the electron density equally between each nucleus so 
that each has a number o f electrons associated with it. The gross charge in each atom 
is then the sum of the nuclear and electronic contributions.
Mulliken population analysis was used to analyse the charge distribution of 
each fragment, particularly focussing on comparing Li with Na coordinated 
oligomers, at different pH (level o f deprotonation). The consequences o f the charge
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distribution on intramolecular bond lengths, hydrogen bonding and overall shape of 
the fragment are considered.
Note however that the Mulliken analysis is only an approximation. 
Shortcomings of the Mulliken method include (a) that it depends on balanced basis 
set, such that an equivalent number of basis functions is present on each atom in the 
molecule. It also assumes (b) that each basis function can be associated with an 
atomic centre and so is not applicable if basis functions are used which are not 
centred on the nuclei. For example, basis functions centred on an atom A may have a 
small exponent, so that they effectively describe the wave function far from atom A, 
Mulliken analysis however assumes that the electron density only belongs to A. 
There is also no reason for the overlap contributions to be divided equally between 
the two atoms, as it can be argued that the most electronegative atom should receive 
most of the shared electrons. Mulliken analysis thus overestimates the covalent 
character o f a bond. Also, the dipole, quadrupole etc. moments are not conserved, i.e. 
a set o f population atomic charges does not reproduce the original multipole 
moments[5, 9].
We will be comparing fragments that differ only in the coordinated cation, 
optimised and analysed using the same basis set. The estimated error present will 
therefore be relatively equal and thus give an approximate charge distribution for 
each fragment, solely for comparison purposes.
3.4.7. Gas vs. Solution
For an accurate representation o f the presence and distribution o f oligomers 
during zeolite growth, the simulation must reproduce the experimental conditions as 
close as possible, i.e. aqueous solution.
Fragments in vacuo can be considered as bare, surrounded by infinite space, 
the ligands therefore interacting to far more o f a degree than when in the aqueous 
phase. The dielectric appears to smooth out electron density and acts to screen 
charges which explains the weaker intermolecular interactions. The internal 
repulsions are reduced and hence the energy of the fragments is lower than that in the 
gas phase (usually true)(Appendix 2), stabilisation of oligomers by the dielectric.
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A downfall o f the DFT approach however is the outlying charge effect, which 
although rather trivial for neutral fragments, is not so for anionic fragments[34].The 
COSMO approach involves the construction of a cavity around the solute, outside o f 
which is an assumed infinite dielectric continuum which represents the solvent. The 
molecular electric field arising from the nuclei and the electronic distribution is 
screened by the polarisation o f this dielectric continuum, described by the screening 
charges on the interface between the cavity and the continuum. The description of 
the atoms and ions o f the solute which define the cavity are van der Waals radii. The 
best correlation between calculated screening energies and solvation energies is 
reported to be given by the use o f slightly increased vdw radii[31] which causes a 
“small but significant portion o f the solute electron density to reach outside the 
cavity”[34]. This is the outlying charge, particularly significant in the case o f anionic 
solute species in which the unpaired valance electrons contribute to smaller van der 
Waals radii not taken account o f within the cavity model.
A more accurate representation o f the solvation o f oligomers may be 
achieved by the inclusion o f explicit water molecules to model the solvation 
spheres[60]. The computational expense of this approach, due to the large number o f 
water molecules needed to provide a reasonable picture o f the solvation spheres[60, 
66], not to mention the sheer number o f solute fragments modelled, the continuum 
solvation model was implemented to evaluate oligomer formation in the alkaline 
water solution.
3.4.8. Unit cell geometry optimisation: Plane wave DFT
Geometry optimisation o f the Li-A(BW) and Na-J(BW) unit cell structures 
were performed with the implementation of the ultrasoft pseudopotential and GGA- 
PBE functional within the CASTEP code[29]. The k-point separation, FFT grid and 
kinetic energy cut-off were fitted specifically to each unit cell by calculating the 
vacancy energy of water within the unit cell o f Li-A(BW) and Na-J(BW) (eq. 3.40). 
The vacancy energy o f water, E^ ater-vac, is defined by:
^ w a te r -v a c  ~  ^ c e l l  { .^ c e ll-v a c  ^ w a te r ')  (3.40)
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where Eceii is the energy o f the fully occupied unit cell, Eceii-vac is the energy of the 
unit cell with a vacant water site and Epater is the energy o f the isolated water 
molecule in a simulation box with parameters identical to that o f the corresponding 
zeolite unit cell.
For Li-A(BW) and Na-J(BW) the k-point set was found to converge at a k- 
point separation of 0.07 (1/Â) (1 2  3 grid) and ( 1 1 3  grid), respectively, and the 
energy cut-off o f 340.0 eV and 370.0 eV, respectively. The optimised unit cell 
geometry of Li-A(BW) and Na-J(BW) are presented in Chapter 6.
3.4.9. Crystal surface optimisations: Plane wave DFT
The crystal surface terminations were determined from the optimized unit cell 
models obtained in Chapter 6, as outlined above. The lowest energy termination was 
assumed to be as that predicted by the results of the surface calculations performed 
using atomistic methods. The surfaces are simulated within 3-dimentional periodic 
boundary conditions. To survey the terminating structures that may exist during 
crystal growth we mimicked the dissolution process of a complete layer from the 
lowest energy surface termination. In each dissolution step, one T site was 
“dissolved” from the surface, repeated systematically, one after another, until the 
original starting configuration was regenerated, depicted below (Fig. 3.10).
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I I I I I I I I I I I I
Figure 3.10: Schematic representation o f  the simulated dissolution process via systematic dissolution 
o f one T site after another. Dashed lines represent layers, and bold lines between T atoms depict T -0- 
T bonds with the oxygen atom lying in the center o f  each bold line.
117
Our models are aluminosilicate zeolites and therefore contain two different T 
sites, Al and Si. The removal of each is sampled for each step and the most 
exothermic step predicted as the preferred dissolution step. The monomeric 
oligomers taking part in the predicted dissolution o f the crystals were optimized 
within the same simulation cell o f the corresponding surface calculations. Thus 
encompassing the same level o f accuracy/precision is obtained by including the same 
number of plane waves. The energy o f the water and the hydroxide ion involved in 
the hydrolysis of water and the hydrolysis of the monomer units upon dissolution 
were also calculated in this way. The starting geometries for the optimisation of the 
oligomeric fragments were the low energy configurations obtained from our 
oligomer calculations (Chapter 5).
Crystal surfaces modelled using this method may be polar due to the 
preferred orientation o f interstitial water. In addition to positioning themselves to 
coordinate to framework species, water molecules also tend to position themselves to 
maximise hydrogen bonding between different water molecules. Hydrogen bonding 
between water molecules may give rise to a kind o f anomalous “induction effect” 
which enhances the stability o f the simulation cell. During geometry optimisation 
calculations the water molecules are at their most stable position and align 
themselves with respect to maximising hydrogen bonding. This may also gives rise 
to a distortion in the lattice from what it would be in reality. As we are looking at a 
small energy scale, the stabilisation induced by water ordering is very important as it 
may mask the difference in the growth energetics. O f course, in reality, the water 
molecules are in constant motion. In this study therefore, it was decided to use 
dehydrated models in order to reduce any masking of the difference in the growth 
energetics, but also reduce the computational cost of the calculations.
Other approximations made within this study include the use o f a minimum 
of finite crystal layers to describe the dissolution process accurately, and the 
minimum size vacuum gap separating each surface from its repeat crystal surface to 
ensure that the two surfaces do not interact with one another. Each is now discussed 
in further detail.
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3.4.9.1.Vacuum gap
The vacuum gap separating the crystal surface from its periodic repeat must 
be such that the two surfaces do not interact. This ensures that the surface geometries 
optimise freely, with no interference from the repeat crystal. The vacuum slab must 
also be large enough (but as small as possible, for minimal computational cost) so 
that when we try to react species upon the surface the fragment cannot be seen by the 
repeat crystal surface and hence no competition between the two surfaces for 
interaction with the fragment.
The size of the vacuum gap was converged with respect to the energy o f two 
silicate monomers a distance o f X k  from one another, and their periodic equivalents. 
Two silicate monomer fragments, the geometry o f which was obtained from the 
results of our oligomer calculations, were placed in a simulation box of appropriate 
dimensions in which the distance between the silicate monomers, X, was the same in 
each direction (x,y,z) within 3-dimentional periodic boundary conditions. A single 
point energy of the two silicate monomers was calculated for each value o f X  (1>X 
<12), until the energy was observed to converge with respect to X. The vacuum gap 
was found to converge at X=10Â. As each surface is hydroxylated, approx 1Â (the 
approximate OH distance) was added to the height o f each surface, a total o f 2Â was 
therefore added to incorporate the fraction of the vacuum gap which will become 
inhabited by hydroxyl groups where different terminations are considered. A total 
vacuum gap of 12Â was therefore implemented and each surface hydroxylated.
3.4.9.2. Laver convergence
Unlike in the atomistic approach, the simulation block is constructed o f % 
number of layers which are all sampled using the same degree of precision. 
However, similarly to the atomistic approach, the minimum number of layers must 
be modeled in order to minimise the computational expense o f the simulation. In this 
case, the number of layers in the surface slab is converged with respect to only the 
surface energy, Esurface, defined as
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F . -  Er . products reactants ^
^ ----------- (341)
where Eproducts is the total energy o f the % layer surface, Ereactants is the sum of the bulk 
energy and the energy o f the water molecules required for hydroxylation of the 
under-coordinated surface species, and SA is the surface area. The surface energy at 
x=2 was not significantly different from x=4 (within 5% of the surface energy o f the 
4 layer simulation cell). A mirror plane bisects the slab; hence two fragments are 
actually removed at each step, one from each side o f the slab. Surface dissolution 
was therefore modeled from 4 layers to 2 layers with dissolution taking place from 
each end of the crystal face, dissolving one monomer from the top and one from the 
bottom of the crystal surface in each step. The k-point separation, FFT grid and 
kinetic energy cut-off for each surface calculation were extrapolated from those fitted 
to the unit cell.
The following chapters present the results obtained from the implementation 
of these methods to elucidate the bulk and surface crystal structures, and the low 
energy configurations o f the oligomeric solution species present during zeolite 
synthesis.
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Chapter 4: Li-A(BW) and Na-J(BW) structure
determination
4.0. Outline
Li-A(BW) and Na-J(BW) have different topologies but are synthesised from 
almost identical starting ingredients, the alkali metal being the only variable. This 
exemplar reaction therefore allows the effect of the cations upon crystallisation and 
nucléation processes to be directly inferred. We report the minimum energy 
structures o f Li-A(BW) and Na-J(BW) obtained by application o f an atomistic and 
first principles approach, and the experimental synthesis o f Li-A(BW) and Na-J(BW) 
prompted by inconsistencies between the calculated Na^ cation positions o f Na- 
J(BW) and those determined from previous experimental work. With the support o f 
molecular dynamics simulations, we present a re-determination o f cation positions 
within Na-J(BW).
4.1. Approach
Crystal surfaces are a view of the growing zeolite, as they are the interface 
between precursor units and the crystalline bulk. The surface structures and crystal 
morphologies o f zeolites can give great insight into how and why the growth of 
certain structures can occur. To determine the post-nucleation crystal growth 
mechanisms, one must first deduce the rate determining steps in the crystal growth 
process: the terminations that have the lowest energy with respect to the crystal 
lattice, i.e. the most stable surface terminations compared to all other possible 
terminations and reconstructions. The rate o f growth depends on the crystal plane 
concerned, with the slowest growing faces dominating the morphology o f the crystal: 
the rapidly growing faces grow themselves out o f existence, with the slower faces 
surviving as the larger crystal faces. Comparisons made with microscopy studies 
(atomic force microscopy, AFM, which determines step heights, scanning electron 
microscopy, SEM, which reveals meso-scale structure and high resolution electron 
microscopy, HREM, which shows almost atomic scale detail) will determine whether
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predicted structural features are consistent with experiment and allow us to predict 
the influence o f cations on crystal morphology. By considering the condensation of 
characteristic SBUs (secondary building units) with these surface structures, we aim 
to determine a mechanism of crystal growth under neutral and alkali pH conditions.
Although the main aim o f this work was to gain insight into the mechanism 
of crystal growth at the atomic scale, some subtle details were resolved en route. It 
was necessary to re-determine one of the crystal structures (Na-J(BW)) and a number 
of approaches to modelling delicate zeolite water interactions were explored. Several 
approaches have been applied to crystal structure and oligomer structure 
determination, from static atomic interatomic potentials[ 1 ] to quantum mechanics, in 
the use o f density functional theory, representing the electrons using both plane wave 
(for periodic crystal surface structure determination, cell-centred basis sets) (Chapter 
6) and numerical orbital (oligomer structure determination, atom centred basis sets) 
(Chapter 5) basis sets, considering two continuum models for water, COSMO within 
DMol^[2] and COSMIC, a new method implemented in developmental versions of 
the GULP[1] code (see Chapter 3).
However, before tackling the challenge of surface structure elucidation, we 
must firstly validate the applicability of the computational approach by testing 
whether the experimental crystal structure can be adequately reproduced using our 
methods. Previous use o f atomistic modelling has been shown to be able to 
reproduce experimental structures very accurately[3, 4]. Indeed, complex hydrated 
zeolites such as goosecreekite have been reproduced to within <5% of the 
experimental structure[4]. Here we present the first step in exploring the zeolite 
growth mechanisms by modelling the minimum energy configurations o f the bulk 
zeolite structures o f Li-A(BW) and Na-J(BW).
The minimum energy configurations o f the bulk zeolite structures allow us to 
determine the crystal morphologies and surface structures (Chapter 6). Initial 
modeling o f the zeolite bulk structure was performed by application o f static energy 
minimisation program GULP[1], the results of which are compared to that obtained 
from experiment. DL_P0LY[5] was used to model the dynamic and thermal activity 
of the crystal components to resolve the discrepancies in the observed and as- 
modeled crystal structure o f Na-J(BW). We have previously reported the minimum 
energy unit cell structures and molecular dynamics study, together with a re­
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determination of the hydrated cation sites within Na-J(BW)[6], and now build upon 
the reported results. Once the bulk model has been verified, the surface structures 
will be identified in a later chapter. Thereafter, the reaction o f representative solution 
clusters with crystal surfaces will be considered to infer the growth mechanism 
(Chapter 6).
4.2. Comparison of Li-A(BW) and Na-J(BW)
Li-A(BW) and Na-J(BW) are orthorhombic, highly dense structures, with 
Si:Al ratio o f 1:1, both belonging to the Pna2i space group. Although synthesised by 
Barrer and White (BW) in the early 1950s[7, 8], the structures of Li-A(BW) and Na- 
J(BW) were not reported until over 30 years later[9-ll]. Both Li-A(BW) and Na- 
J(BW) are reported to comprise of 4, 6, and 8-membered rings, connected differently 
and forming two distinct topologies, ABW and JBW, respectively. The 8-rings 
enclose channels along the c axis within which the hydrated cations reside in each 
system, whilst anhydrous cations are present in the 6-ring channels o f Na-J(BW). 
Although a number of other alkali-metal cations are known to lead to the formation 
of ABW (Na, K, Rb, Cs, TI, Ag)[12] and JBW (Rb, K)[13, 14] frameworks, both 
zeolites show low tendency towards ion-exchange, requiring hydrothermal treatment 
to observe such exchange[12], indicating the preference o f the ABW and JBW 
frameworks for Li and Na, respectively. Because both zeolites are relatively dense 
and have no unique property that can be exploited by industry, they have had limited 
attention from the zeolite researching community and, as a result, little structural 
detail has been reported; particularly for Na-J(BW). Details o f the structure o f each 
zeolite will now follow.
4.3. Structure of Li-A(BW)
The Li-A(BW) aluminosilicate framework |Li4(H2 0 )4|[Al4Si4 0 i6] with unit 
cell parameters 10.313(1) 6=8.194(1) c=4.993(l)Â[10, 11] consists o f 4- 6- and 8- 
membered rings. The 4-rings link together to form zigzag chains running along the 
length of the crystals. The 4-ring chains at either end of the 6-rings are twisted in 
opposite directions causing the contraction o f the framework into one o f the most
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dense zeolites known (Fig. 4.0). The 8-rings, along the c axis, result in channels of 
diameters of approximately 3Â. The lithium cations are located within the channels 
at either side of the 6-rings[15]. Due to electrostatic repulsions, the lithium cations do 
not occupy adjacent sites at any one time.
&
Figure 4.0: The structure o f  Li-A(BW ) as reported by Norby et a /.[10] represented as a 2x2 Li- 
A(BW) cell with (a) a parallel to the page (looking along c = [001]) and (b) b parallel to the page 
(looking along a = [100]) with the T atoms o f  a 6 -ring channel highlighted in dark blue for 
clarification. Colour coding is as defined in the Key to Figures and Tables, p. 19.
The first structural analysis o f Li-A(BW) was performed by Kerr et a/.[15] 
upon a powdered product synthesised by Borer[16]. Kerr[15] proposed that lithium 
cations are found in two distinct positions with partial occupancies o f 0.64 at 
(0.3125, 0.1970, -0.2600) and 0.27 at (0.1850, 0.2714, -0.2190). A later attempt 
however, disputed the presence of two distinct lithium sites, suggesting that only one 
crystallographic lithium site is occupied[l 1].
Norby et al.[\0], in collaboration with Anderson et û /.[ll] , synthesised Li- 
A(BW) as a by-product o f attempts to synthesise a lithium-sodalite using zeolite A as 
a precursor. This procedure has since been verified by the Synthesis Commission of 
the International Zeolite Association as the preparation of phase pure Li-A(BW)[17]. 
Single crystal XRD and neutron diffraction studies[ll] identified one lithium cation 
position with full occupancy within the zeolite unit cell. An electron density peak
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(from electron density maps taken of the zeolite crystal) close to the position of the 
lithium atom reported by Kerr with occupancy 0.64 (0.3125, 0.1970, -0.2600) was 
confirmed. The position at which Kerr et a/.[15] reported a second lithium atom with 
a partial occupancy of 0.27 (0.1850, 0.2714, -0.2190), however, was reported to be 
void o f electron density. Anderson et a l.[\\]  therefore concluded that lithium ions 
occupy a single unique crystallographic site at (0.3307, 0.1758, 0.7564) within the 
Li-A(BW) unit cell (Fig. 4.0).
The lithium ions lie in a nearly perfect tetrahedron o f oxygen atoms, 
comprising o f three framework oxygen atoms and one water oxygen atom[l 1]. The 
only framework oxygen atom not coordinated to the lithium ions is an acceptor o f a 
weak hydrogen bond from a water molecule. The water molecules are reported[ 11, 
18] to form two hydrogen bonds, one to another water molecule and one to a 
framework oxygen atom, forming hydrogen-bonded strings situated centrally in the 
8-ring channel adjacent to the Li^ cations (Fig. 4.0). The distribution o f the water 
molecules allows the full coordination sphere of the cation to be saturated within the 
8-ring channels and, together with the cation, dictates the shape of the channels and 
pores.
4.4. Structure of Na-J(BW)
Na-J(BW) has attracted substantially less investigation than Li-A(BW), due 
in part to the difficulty o f preparing phase pure crystals. Only recently has a new 
reproducible synthesis procedure[ 19] been proposed and validated for phase pure 
Na-J(BW) |Na^3(H2 0 )i.5|[Al3Si3 0 i2]. Numerous materials with the same JBW 
topology however have been synthesised containing germanium framework species 
(aluminogermanate framework) and extra-framework potassium and rubidium as 
well as sodium interstitial cations[13, 14], the structures o f which have been well 
characterised. The structure of Na-J(BW), containing only sodium cations within the 
channels however has been reported with less confidence[9, 20].
The structure of Na-J(BW), initially identified by Barrer and White as 
nephaline hydrate 1, was determined by Hansen and Falth[9] in 1982. Na-J(BW) was 
reported to have the unit cell parameters «=16.426(1) ^=15.014(1) c=5.224(5)À, 
significantly larger than that of Li-A(BW); 59% greater in a, 83% in b and 5% in c.
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resulting in a cell volume 305% greater than that o f Li-A(BW). The structural 
difference which result in the larger cell include larger 8-ring channels o f 3.7Â free 
diameter compared to 3Â channels in the Li-A(BW) framework. In addition to 6- and 
8-rings present in both zeolites, Na-J(BW) features 4-ring “spacers”[9] between the 
larger 6- and 8-ring channels (Fig. 4.1). The framework density (18.6 T atoms per 
lOOOÂ )^ however is similar to that of Li-A(BW) (19.0 T atoms per lOOOÂ^).
The sodium cations were reported to occupy three distinct sites within the 
Na-J(BW) channel systems; two distinct anhydrous sites, N a(l) and Na(2), and a 
hydrated Na(3) site within the 8-ring channels[9, 20]. N a(l) and Na(2) reside within 
the 6-ring channels, each coordinated to seven framework oxygen atoms in a 
distorted mono-capped trigonal prism (Fig. 4.1). The two distorted polyhedra are 
related by a pseudo c glide plane perpendicular to the a axis. The NaO? polyhedra 
share the edges 0 7 -0 8  and 0 9 -010 , and form two parallel zigzag chains, “a band”, 
along the c axis[9] (shown pictorially for the optimised cell structure in Fig. 4.7).
010
Figure 4.1: The coordination polyhedra around the Na^ cations in Na-J(BW). The displacement 
ellipsoids and spheres were reported to be drawn at the 50% probability level[9].
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The hydrated Na(3) sites within the 8-ring channels are coordinated by 3 
water and 3 framework oxygen atoms, forming a highly distorted octahedron. Chains 
of NaOe polyhedra share water molecules in the channels along the c axis forming 
zigzag chains parallel to the c axis. Together with the comer sharing anhydrous NaO? 
polyhedra, the NaOô chains form alternating double and single chains which can be 
observed along c, similar to the zigzag pattern of the double chains in the Li- 
A(BW)[11, 15] and RbAlSi0 4 [21 ] framework.
Hansen and Falth[9] suggested alternative positions for both the Na(3), and 
corresponding water W(21). These alternative sites were denoted by Hansen et a/.[9] 
as Na(31) and W(l l ) ,  respectively, and will be referred to as so throughout this 
report. The suggested occupancies of 0.2 for Na(31) and W(l l ) ,  indicate that, on 
average, one in every five Na(3) site is replaced by an Na(31) site, and its 
corresponding water by W ( l l )  (Fig. 4.2). The positions o f the Na(31) and W( l l )  
sites however were reported to be o f low accuracy due to their low occupancy, 
stating that the coordination is roughly comparable to that around Na(3).
Na(31)
 ^ (a) (b)
Figure 4.2: The structure o f  Na-J(BW) as reported by Hansen et al.[9]. The distribution o f  Na(31) is 
shown as replacing 1 in 5 Na(3) cation positions in; (a) the 1x1x1 unit cell with all Na positions 
included and (b) 8 -ring channel highlighted with the Na(3) and Na(31) positions displayed with their 
corresponding coordinated water molecules. Colour coding is as defined in the Key to Figures and 
Tables, p. 19.
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These alternative Na(31) and W( l l )  sites were also identified by the only 
other analysis o f the Na-J(BW) zeolite, that by Ragimov et al.[20] who identified 
two “statistically distributed” hydrated sodium sites within the 8-ring channels of a 
‘synthetic sodium-aluminosilicate’ separated by 2.74 Â. Ragimov et al.[20] however 
did not identify the “synthetic sodium-aluminosilicate” as a zeolite, Na-J(BW) or 
nephaline hydrate I, which lead to little acknowledgement o f their results.
4.5. Structure determination by theoretical methods
4.5.1. Static atomistic approach
The starting geometries for the static energy minimisation of the bulk zeolite 
structures of Li-A(BW) and Na-J(BW) were the previously reported experimental 
models by Norby et a/.[10] and Hansen et al.[9], respectively. The minimum energy 
configurations were obtained by application of the static energy minimisation 
program GULP[1], as outlined in Chapter 3, using the interatomic potentials 
presented in Appendix 1.
4.5.1.1. Minimum energv configuration of Li-A(BW)
The minimum energy configuration o f Li-A(BW) is in good agreement with 
the experimental model proposed by Norby et al.[\0, 11]. The unit cell parameters 
(û=10.1323, 6=7.9666, c=5.0690Â) are predicted within 3% and the framework bond 
lengths within 1% of the experimental model (Fig. 4.3). Considering the water 
content, the agreement with experiment is quite reasonable and consistent with levels 
of accuracy obtained for other dense hydrated zeolites[4]. The principal structural 
discrepancy is in the orientation of the water molecules, where the lone pairs are 
observed to coordinate more strongly to the Li^ cations in the minimum energy 
configuration, thus underestimating the Li-water separation. The orientation o f the 
water molecules with respect to each other however appears to be as proposed by 
previous experimental and theoretical studies[10, 11, 18, 22].
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Figure 4.3; (a) The experimental structure as proposed by Norby et a/.[10] and (b) the energy 
minimised structure o f  Li-A(BW ). Notice the increased directionality o f  the water molecules towards 
the extra framework lithium cations and increased proximity o f  the cations to the framework in the 
optimised model (b) compared to (a). Colour coding is as defined in the Key to Figures and Tables, 
p.l9.
4.5.1.1.1. Water chains within Li-A(BW)
The one-dimensional chain of hydrogen bonded water molecules within the 
8-ring channels o f Li-A(BW) is situated centrally in the channel, adjacent to the Li^ 
cations, in agreement with the experimental model proposed by Anderson et al.[\\]  
and Car Parrinello molecular dynamics simulation o f water within Li-A(BW) by Fois 
et a/.[23] (Fig. 4.4).
Water molecules within the channels o f Li-A(BW) can be engaged in three 
different hydrogen bonds, behaving as either (a) proton acceptors with the previous 
water in the chain or (b) proton donors to the following water molecule in the chain 
or (c) proton donors to the framework oxygen. Consequently competition arises 
between the framework and the water oxygen atoms for interaction with the water 
protons. Competition is also present between water protons searching for oxygen
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either in the framework or in the nearest water molecule with which to interact via 
hydrogen bonds. These competing interactions have been suggested to contribute to 
the mobility o f water in Li-A(BW) channels[18, 22].
a
▲ e c 0  o »
—► 0
Figure 4.4: One-dimensional chain o f  hydrogen bonded water molecules within the 8 -ring channels o f  
geometry optimised Li-A(BW). Green dashed lines represent the hydrogen bonds between the water 
molecules. Colour coding o f  the atoms is as defined in the Key to Figures and Tables, p. 19.
The behaviour of water molecules within Li-A(BW) studied by Car Parrinello 
molecular dynamics simulation techniques and IR spectroscopy[23] has been 
compared to that o f liquid water, differing only in that water molecules within Li- 
A(BW) do not have diffusive motion. Water in Li-A(BW) has been considered 
therefore to be in a “rotational liquid state”[22], such that water molecules rotate 
around their equilibrium positions, “governed by a balance o f thermal and interaction 
energies”[22]. Thermal effects are not considered within the static lattice approach 
implemented here, the lithium positions being at their equilibrium (minimum energy) 
positions at OK.
4.5.1.1.2. Li-0 coordination sphere within Li-A(BW)
The lithium ions within the experimental model were described as lying in a 
nearly perfect tetrahedron of oxygen atoms, three framework O (2), (3), (4), and one 
water Ow oxygen atom [10, 11]. The simulated Li^ coordination sphere agrees to 
within 6% of the experimental model but displays a distorted tetrahedral geometry 
with highly anisotropic Li-O distances in comparison with the experimental model 
(Table 4.0). The distortion of the Li04  tetrahedron indicates weaknesses in the fitted 
Buckingham potential which describes the Li-O interaction. The pronounced
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decrease in the Li-Ow distance suggests that the potential describing the Li-Ow 
interaction is too attractive. The subtle balance o f interactions between framework 
oxygen and cations, and water-cation interactions are notoriously difficult to explore 
using these relatively unsophisticated models. However, it is also possible that this 
overestimation is simply a thermal effect, a postulate that can be explored further 
using molecular dynamics. Nevertheless, the existing model is in an acceptable 
agreement with the published data and can therefore be used for (interatomic 
potential) surface structure predictions. The model is treated with a more reliable 
theoretical method, plane-wave DFT, in a later Chapter (Chapter 6) within which the 
minimum energy model is in good agreement to that proposed here, using static 
atomistic methods.
Li-coordination 
sphere: Li-O 
distances
Experimental 
Model (Â)
Optimised 
Model (Â)
Difference (%)
Li-Ow 1.967 1.854 -5.7
Li-02 1.997 2.031 1.7
Li-03 1.913 1.972 3.1
Li-04 1.981 2.028 2.4
Li-Ol 3.243 3.367 3.8
Table 4.0: Comparison o f  the experimental and calculated Li  ^ coordination sphere within Li-A(BW); 
Li-Ow (water oxygen) and Li-Of (framework oxygens, 0 1 -4 )  distances.
4.5.1.2. Minimum energv structure o f Na-J(BW)
Simulation of the 1x1x1 cell o f Na-J(BW) was performed assuming no 
occupancy o f the Na(31) site. The minimum energy configuration of the 1x1x1 unit 
cell o f Na-J(BW) is in good agreement with that proposed by Hansen and Falth[9] as 
their “general” proposed structure, i.e. full occupation o f the Na(3) site and no 
occupation o f the Na(31) sites. The unit cell parameters (a=16.5318, 6=15.1930, 
c=5.2876Â) agree to within 2% and the framework bond length and angles agree to 
within 3% of the experimental model. In order to correctly model the experimentally
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determined unit cell composition of Na-J(BW), the possible permutations o f the 20% 
occupancy of Na(31) cation sites were considered by increasing the size o f the 
periodic unit cell to form a supercell o f 1x1x5 Na-J(BW) unit cells («=16.426, 
6=15.014, c=26.120Â). The permutations considered were:
(a) Na(3) sites with occupancy o f 1, noted above as the “general” proposed 
structure of Na-J(BW)
(b) 1 in 5 Na(3) sites substituted for an Na(31) site located as far apart as 
possible, a minimum distance of 5 times the unit cell in the c direction 
(-26Â) and 1 unit cell in the a direction (-16Â).
(c) 1 in 5 Na(3) sites substituted for an Na(31) site located as close together as 
possible, separated by a minimum of 5 unit cells in the c direction (-26Â) in 
the same 8-ring channel, and only Vz a unit cell in the a direction (~8Â).
(d) Na(31) sites with occupancy of 1 using the experimental model as the starting 
configuration.
4.5.1.2.1. Na(3) sites with occupancy o f 1
The minimum energy configuration o f the 1x1x5 unit cell o f Na-J(BW), with 
no occupation of Na(31) sites, displays the general characteristics o f Na-J(BW) as 
reported by Hansen and Falth[9]. The unit cell parameters are within 2%, and bond 
lengths and angles to within 3% of the experimental model, as noted above for the 
optimised model o f the 1x1x1 unit cell o f Na-J(BW).
Figure 4.5 compares the experimental and simulated 1x1x5 Na-J(BW) cell 
structures. The water molecules within the simulated cell can be observed to display 
directionality towards their closest Na(3) site by a translation along a (7%) in 
comparison to those within the experimental model (Fig. 4.5 and 4.6), affecting the 
Na(3) coordination sphere.
As noted previously[9], the hydrated cations within the simulated 8-ring 
channels coordinate to 3 water and 3 framework oxygen atoms in a distorted 
octahedron (Fig. 4.6). The Na-Ow distances of the Na(3) coordination sphere agree 
to within 13% of the experimental model, the most significant difference being the 
increase in the Na(3)-Ow2 distance.
136
(a) Experimental model (b) Optimised model 
-13820.103 eV
Figure 4.5: (a) Experimental model[9] alongside (b) optimised 1x1x5 cell. Notice the change in the 
water ordering along the channels and disorder in the coordinating sodium positions present in the 
optimised model (b) even though they started at high symmetry positions (a). Colour coding o f  the 
constituent species is as defined in the Key to Figures and Tables, p .l9 .
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Figure 4.6: NaO^ polyhedra within the 8 -ring channel (shown in lower left comer o f  each figure) o f  
(a) experimental model and (b) optimised model. Purple spheres represent Na(3) cations. The oxygen  
atom labels correspond with the labels used by Hansen and Falth[9]. O4 , and O 12 are framework 
oxygens. Distances are noted in Â, those in (b) are average values over the 1x1x5 simulation cell. 
Colour coding o f  the constituent species is as defined in the Key to Figures and Tables, p. 19.
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The Na(3)-Ow2 and Na(3)-Ow2" (Ow2 and Ow2" = oxygens of shared waters) 
distances imply that the “sharing” properties of each water molecule is less than in 
experiment, favouring coordination to one N a(3) cation over the other. The N a(3)- 
Ow2 (oxygen of first shared water along c) distance is significantly longer at 3.32 Â  
(experimental value: 2 .92Â [9]) with the Na(3)-Ow2" (oxygen of second shared water) 
distance closer at 2.30Â  (experimental value: 2 .39Â [9]). The N a(3)-O f (O f = oxygen 
in the zeolite framework Ü6, O 1 2  and O 4 )  distances within the N a(3) coordination 
sphere agree to within 9% of the experimental model, and the larger N a(3)-O f 
distances may, in part, be a consequence of the larger unit cell parameters and bond 
angles within the simulated framework. This discrepancy may be due to using too 
small a cell, the disorder in the N a(3) positions not being adequately sampled.
Na(1) I Na(2) 0 (8)
0 (1)1
0 (2)
0(4:
0 ( 1),
0 (6)
(0(9)
10(10)0(3:
0(4)
Figure 4.7: N a(l) and Na(2) coordination spheres displayed (a) along c and (b) along b. The atoms 
within the coordination spheres have been displayed as coloured balls for clarity. Colour coding is as 
defined in the Key to Figures and Tables, p. 19.
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Na(1)-0 0(1) 0 (3 ) 0 (4 ) 0 (7 ) 0(8) 0(9) 0 (10)
Experimental
model
2.39 2.45 2.68 2.45 2.38 2.72 2.64
Difference % +4.02 +2.95 +11.2 +3.15 +9.21 +3.72 +0.04
Simulated
1x1x5
supercell
2.49 2.68 2.99 2.53 2.59 2.82 2.64
Na(2)-0 0(2) 0 (5 ) 0 (6 ) 0 (7 ) 0 (8 ) 0 (9 ) 0 (10)
Experimental
model
2.39 2.58 2.67 2.70 2.72 2.36 2.42
Difference % +4.01 +2.56 +8.66 +4.79 -1.94 +6.36 +7.19
Simulated
1x1x5
supercell
2.48 2.65 2.90 2.83 2.67 2.52 2.59
Table 4.1: N a-0  distances within the N a (l)  and Na(2) coordination spheres. Each distance is in Â and 
the experimental values taken from the structure o f  Na-J(BW ) presented by Hansen and Falth[9].
Similarly, the NaO? coordination sphere o f the anhydrous cations within the 
6-ring channels agree to within 11% of the experimental model (Table 4.1, Fig. 4.7), 
the most significant difference being the N a(l)-0(4) distance. Such significant 
differences may be the cumulative effect o f the larger framework and unit cell 
parameters in the simulated cell compared to the experimental model causing an 
increase in the channel dimensions, 4.41x7.00Â (4.25 x 6.98Â[9]).
The shared water molecules within the 8-ring channels can be seen to reside 
above and below the cations in 6, alternating between channels to give no overall 
dipole (Fig. 4.5). The translation o f the water molecules through the ab plane, around 
the cations within the 8-ring channels, introduces disorder along the channel system 
compared to the experimental model.
In order to re-introduce order among the distribution and directionality o f the 
water molecules, two permutations were sampled; (a) those in sites of disorder were 
translated through the ab vector to their equivalent positions above the cation 
positions in b and (b) the position and directionality of the water molecules 
alternating along c within the channels, and also alternating across the channels along 
a (Fig. 4.8). The minimum energy structures of each permutation retained the
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imposed water arrangements within the 8-ring channels. The lowest energy structure 
was that in which the orientation of the water molecules alternated along the 8-ring 
channels (Fig. 4.8). The differences in the minimum energy of each however is very 
small and hence either o f the three configurations (Fig. 4.5 and Fig. 4.8) can be a 
plausible structure of Na-J(BW). However, considering the small energy difference 
between the different minimum energy configurations, one may argue that the 
accuracy of calculating the hydrogen bonding arrangements may not be as accurate, 
and therefore the corresponding error may not be as small as the energy difference 
between the models using this unsophisticated pair potentials approach. Although 
validation of the Na-J(BW) structure has been achieved by comparison with more 
sophisticated DFT methods (see Chapter 6), future work would include further 
validation of the water orientations within the hydrated Na-J(BW) model. The 
original energy minimised 1x1x5 unit cell o f Na-J(BW) with Na(3) site occupancy of 
1 (Fig. 4.5), is an approximate half way between the two water orientation models 
(Fig. 4.5) and will thus be considered as the average structure o f Na-J(BW) 
throughout this work and used as the starting configuration for further simulation 
work within this project.
(a) -13820.029 eV (b ) -13820.146 eV
Figure 4.8: Permutations o f  the water orientations above and below the sodium cations within the 8- 
ring channels o f  Na-J(BW); (a) the water molecules in the energy minimised structure o f  the 
experimental model (Fig. 4.5) are translated through the ab vector to their equivalent positions above 
the cations along the b axis and (b) the positions and directionality o f  the water molecules are set 
alternating along c within the 8-ring channels and across the channels in a. Colour coding is as 
defined in the Key to Figures and Tables, p. 19.
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4.5.1.2.2. Na(3U sites located as far apart as possible
We now consider the substitution of 1 in 5 Na(3) sites with equivalent Na(31) 
and corresponding water sites, distributed as far apart as possible in order to 
minimise any distortions. The energy minimisation pathway expresses a translation 
of a Na(31) site back along the ac plane to the equivalent Na(3) site, with the other 
Na^ cations remaining in the Na(31) site. The Na(3) cations within the model retain 
their NaOe coordination sphere.
(a) Starting configuration (b) Optimised model: -13817.514 eV
Figure 4.9: Starting configuration and optimised model with Na(31) sites located as far apart as 
possible; 1 N a(31) in 5 Na(3) sites. Colour coding is as defined in the Key to Figures and Tables, p. 19.
The Na(31) coordination has 6 close contacts. However, instead of 3 Ow and 
3 Of, inspection of the close contacts o f the Na(31) cation suggests that the 
coordination sphere comprises o f 2 Ow and 4 Of. The final water oxygen is now not 
shared and consequently can be considered coordinated instead to the neighbouring 
Na(3) cation. This acts to disrupt the ordering of the comer sharing polyhedra and the 
1 -dimentional strings of water molecules within the zeolite channels (Fig. 4.10), both 
of which play a role in stabilising the Na-J(BW) framework structure. The 
destabilisation effect is considerable, being 2.6eV less stable than that with full 
occupancy of Na(3) sites under static OK conditions; lattice energies are -13817.514 
eV and -13820.103 eV, respectively.
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Disruption in the 
1-D water string
A
Na{31)site
Figure 4.10: Disruption o f  the 1-D water strings caused by the occupation o f  an Na(31) site in the 
experimental model. Colour coding is as defined in the Key to Figures and Tables, p. 19.
4.5.1.2.3. Na(31) sites located as close together as possible
(a) Starting configuration
N a (3 l f
N a ( 3 ir
b 
a
Na(3ir
(b) Optimised model: -13818.983 eV
Na(3ir
Figure 4.11: (a) Starting configuration (experimental model) and (b) optimised model with the 
disordered orientation o f the water molecules around the Na(3) and Na(31) cations in two adjacent 
channels. Purple spheres represent Na(3) cations unless otherwise labelled. Water oxygen^red and 
hydrogen=white. The framework is omitted for clarity.
1 in 5 Na(3) sites were substituted for an Na(31) site as far apart as possible 
within the same channel along c, but as close together as possible across the 
channels, along a, such that neighbouring Na(3) sites across the channels were 
substituted for Na(31) sites whilst maintaining the 20% occupation of Na(31) sites 
(Fig.4.11). Similar to the previous permutation, in which Na(31) sites were
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distributed as far apart as possible, the inereased disruption in the ordering of the 
water leads to the destabilisation of the zeolite framework strueture. Conversely 
however, the occupation of the Na(31) sites are observed to be retained upon 
geometry optimisation (Fig. 4.11).
4.5.1.2.4. Na(31) sites with occupancv of 1
%
Figure 4.12: Starting configuration (experimental model) o f  Na-J(BW) with Na(31) site occupation o f  
1, where no Na(3) sites are occupied. Colour coding is as defined in the Key to Figures and Tables, 
p .l9 .
The final model (d) Na(31) sites with occupancy of 1, using the experimental 
model as the starting configuration with no Na(3) sites occupied (Fig. 4.12), failed to 
reach a minimum energy structure. Although a variety of different optimisation 
strategies were attempted, a stable structure was not achieved, implying that the 
starting configuration is an unstable, high-energy model. We can, therefore, conclude 
that this model is an unfavourable permutation o f the Na(3)/Na(31) cation 
distribution.
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4.5.1.2.5. The energv barrier for Na(31) occupation
Collation of the minimum energies o f the permutations sampled (Table 4.2), 
and discussed above, shows that under static OK conditions, the lowest energy 
configuration of Na-J(BW) is that in which the Na(31) site is unoccupied.
Hydrated cation occupation Final energy (eV)
Na(3) 100% : Na(31) 0% -13820.1
Na(3) 80% : Na(31) 20% located as far apart as possible -13817.5
Na(3) 80% : N a(31 ) 20 % located as close as possible -13819.0
Table 4.2: Energy o f  the Na-J(BW) 1x1x5 cell with different Na(3) and Na(31) site occupations.
The energy difference between the minimised energy structures implies that, 
if  the Na(31) site were to be occupied at all, an energy barrier must exist along the 
pathway from the Na(3) to the N a(31) site.
An attempt to approximate the energy barrier for the occupation o f Na(31) 
site, using static atomistic modelling, was made by static step-wise migration o f a 
sodium cation in a Na(3) site along an approximate trajectory, the ac plane, to the 
Na(31) site.
However, OK static atomistic energy minimisation ignores thermal factors 
present at higher temperatures. The temperatures we are most interested in are the 
synthesis temperature (~400K) and the temperature at which structural 
characterisation is performed (~298K). A more accurate result is obtained by 
modelling the dynamics o f the Na-J(BW) structure at temperatures closer to the 
synthesis and characterisation temperatures, to understand the thermal sensitivity o f 
the cation site occupations.
The starting configuration of the molecular dynamics simulation and 
stepwise cation migration is the lowest energy configuration obtained fi’om the static 
energy minimisation calculations, where Na(3) site occupation is unity, with no 
Na(31) sites. The two approaches are now discussed.
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(a) Cation migration
The potential energy surface present between the two hydrated cation sites 
was simulated via the translation of a sodium cation from the Na(3) site, in small 
fractional steps, 20 steps in total, to the Na(31) site along a trajectory along the ac 
plane (each step = 0.16Â further along the ac plane away from the Na(3), and 
towards the Na(31) site). A stepwise approach was taken whereby a series of 
optimisation calculations were performed. The starting configuration was the 
minimum energy 1x1x1 model with Na(3) occupation of 1. The starting 
configuration for step 2 o f 20 was the optimised structure obtained from step 1 with 
the sodium cation translated to the second position along the trajectory, held fixed in 
this position during the optimisation calculation, and so on. Once the migration of 
one hydrated cation in the cell was complete, the relative occupation of the Na(3) and 
Na(31) sites were 0.75 and 0.25, respectively. The optimisation calculations were 
performed upon each configuration by application o f the interatomic potentials used 
in the static atomistic modelling o f the zeolite unit cells (Appendix 1). The unit cell 
and framework species were kept fixed in their original crystallographic positions 
throughout the simulation. The sodium cation being translated was also held fixed, as 
mentioned above, at the point along the Na(3)-Na(31) trajectory occupied in each 
individual optimisation calculation. The other hydrated Na(3), anhydrous N a(l) and 
Na(2) cations, and interstitial water molecules were allowed to optimise their 
geometry during each energy minimisation calculation (Fig. 4.13).
The occupation o f the Na(31) site from migration o f a sodium cation in the 
Na(3) site appears to be energetically unfavourable, with an the energy barrier for 
Na(31) occupation estimated at 1.5eV, although the graph overleaf (Fig. 4.13) 
suggests that the Na(31) site itself is a local minimum. Static cation migration at OK 
therefore suggests that the occupation o f Na(31) site is significantly unfavourable, 
preferring the full occupation o f the alternative Na(3) site. This result suggests that 
either the interatomic potential model o f Na-J(BW) is erroneous (confirmed not to be 
so by reproduction o f the model by plane-wave DFT geometry optimisation o f the 
Na-J(BW) unit cell (Chapter 6)) or thermal occupation o f the Na(31) site may occur. 
It should be noted that the water molecules of the cation coordination 
sphere in this OK static model cannot freely reorganise around the
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translated cation and hence the energy barrier to Na(31) site occupation 
may consequently be considerably overestimated.
Cation migration pathway; Na(3) to Na(31)
0)
I  0.8
TO
tr 0.6
Na(31)
0.4 Na(3)
0.2
0.0
200 2 4 6 8 10 12 14 16 18
Point along the trajectory
Figure 4.13: Graph showing the relative energy penalty for translating the Na(3) cation along the 
migration pathway to its’ alternative Na(31) site.
(b) Molecular Dynamics
The above results suggest that the occupation of the Na(31) site may be a 
thermal effect, the translation o f the sodium cation from the preferred Na(3) to the 
Na(31) site being an unfavourable migration at OK. A molecular dynamics study was 
undertaken to model the thermal motion o f the framework and interstitial species at 
different temperatures, and the possible thermal occupation o f Na(31) sites in 
particular. Molecular Dynamics (MD) simulations were performed using the 
DL POLY code[5] version 2.0, and implementing the isobaric-isothermal NPT 
ensemble to a system of 3883 atoms in a 2x2x6 unit cell o f Na-J(BW), with a time 
step of O.Sfs as outlined in Chapter 3.
The atomic trajectories sampled during the simulation were analysed to 
identify whether migration o f Na(3) to Na(31) sites occurred. To quantify which
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cations move from which sites, the sites were individually labelled and the mean 
square displacement (MSD) of all 96 Na(3) sites within the simulation cell plotted as 
a function of time. Note that the average distance between the two hydrated Na(3) 
and Na(31) sites is 2.89Â and hence a total cumulative MSD of approximately 8.36Â 
is characteristic of a migration o f Na^ from the Na(3) to the Na(31) site. A plot was 
also made of the MSD in each direction within the 3D simulation cell to discriminate 
between migration of cations between the two Na(3) and Na(31) sites (distinguished 
by motion along the ac vector) and other translations within the channel (Fig. 4.14).
Although we do not observe an MSD of -8Â  until 300K, at lOOK it can be 
seen that the sodium ions are activated and vibrate around their mean Na(3) 
positions, with a maximum MSD of 0.83Â^, hence only a deviation o f 0.91 Â from 
the Na(3) site.
At 200K, the hydrated cations are observed to be activated and vibrate around 
their mean Na(3) positions, more so than that at lOOK. A single cation is seen to 
attempt to occupy an Na(31), returning to its original Na(3) position almost as soon 
as it gets half way to the Na(31) site, at an MSD of 4.1 lÂ^ suggesting that an 
activation barrier exists between the two cation positions within the 8-ring.
Above 300K, cation motion was activated and migration o f hydrated sodium 
cations were observed along the ac plane, populating Na(31) sites. At 300K 
approximately 5:91 (-1:18) Na^ cations migrate to Na(31) sites. The occupation of 
Na(31) sites are found to increase with temperature; at 400K the ratio of 
Na(31)/Na(3) is observed to increase to 10:86 (-1:8) (Fig. 4.15), double that at 300K. 
Moreover, in each case, when quenched to IK the Na(31) sites remain occupied with 
no migration back to the original Na(3) site (Fig. 4.14 and Fig. 4.15), indicating the 
stability o f the Na(31) site and confirms the presence o f an activation barrier to 
Na(31) site occupation.
147
<  0 .6 -
o> 0 .5 -
Q  0.4Q  0.3
ro 0.3
W 0.2-
® 0.1
Time / ps Time / ps 175.0
. «  0.8
(O 0.4
ra 1 .0 - $ 0.2
Time / ps 82.5 Time / ps 175.0
5
1Q
2 
§
12
10
8
6
4
2
0
0 112.5Time / ps
12 -,
10
I
IQ
i
I
c
8 -
w 6
(c.i)
Time / ps 150.0
Figure 4.14: Mean Square Deviations (MSDs) (y axis) o f  hydrated sodium cations within the Na- 
J(BW) 8-ring channels from the Na(3) position over a time period (x axis) o f  approximately lOOps at 
(a) lOOK, (b) 200K and (c) 300K. MSDs o f  the sodium cations over a time period o f  up to 175ps 
during quenching to IK from (a.i) lOOK, (b.i) 200K and (c.i) 300K depict the stability o f  each site 
occupied by sodium cations at the high temperatures. The x-axis in each depicts time in time-steps o f  
the evolution o f  the simulation.
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Figure 4.15: Mean Square Deviations (MSDs) (y axis) o f  hydrated sodium cations within the Na- 
J(BW) 8-ring channels from the Na(3) position over a time period (x axis) o f  112.5ps at (a) 400K. (a.i) 
MSDs o f  the sodium cations over a time period o f  150ps during quenching to IK from 400K which 
depicts the stability o f  each site occupied by sodium cations, with the MSD between 4-8Â^ and time 
100-150ps highlighted inset. The x-axis in each depicts time in time-steps o f  the evolution o f  the 
simulation.
Further analysis o f the trajectories at 400K shows a linear translation within 
an 8-ring channel (parallel to c), in which a series of Na(3) cations migrate along the 
c axis, along the channel. One cation is found to displace rapidly ~5Â from its 
original site, the approximate distance between two neighbouring Na(3) sites. The 
same cation then appears to migrate a further ~2.5 Â, to an approximate Na(31) site. 
Almost concurrently with the initial migration of the cation to its neighbouring Na(3) 
site, 4 cations within the same channel become displaced into Na(31) locations, 
which over the course o f the simulation, percolate to neighbouring Na(3) sites 
approximately ~5.57Â away from their original position, effecting a translational 
shift. This observation suggests a potential co-operative diffusion mechanism that 
has been observed in more porous zeolites by, for example, work reviewed by 
Auerbach[24]. The MSDs were deconvoluted into cartesian components which 
indicated that the MSD in the z axis was approximately 20 times larger than that of jc 
and y  (Fig. 4.16). Over the duration of the simulation (Fig. 4.15 and 4.16), we only 
observed this migration once and hence further study involving longer timescales and 
a larger simulation cell may be more indicative as to how frequently this event 
occurs.
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Focusing on the migration of sodium cations from Na(3) positions to occupy 
Na(31) sites, the MSDs of sodium cations over the entire simulation time (206.25ps) 
at 400K exhibit clear migration of the sodium cations along the ac vector to the 
Na(31) site, thus in the x  and z axis when considering the MSD in each 
crystallographic direction. The MSDs in both the x  and z axis are significantly 
greater than those in the y  direction for the migrating cations.
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Figure 4.16: (a) Total MSDs o f  sodium cations within the Na-J(BW) 8-ring (with the MSD between 
5.5-9.0A^ and time 175-206.25ps highlighted inset) and the MSDs in the (b) x (c) y  and (d) z  axis at 
400K for an extended time period o f  206.25ps. Note the greater displacements in the x  and z axis 
compared to those in the y  axis.
4.5.1.2.6. Simulated structure o f Na-J(BWV. Conclusions
The distribution of occupied Na(3) and Na(31) positions within the Na- 
J(BW) 8-ring channels predicted by the static atomistic and molecular dynamics 
simulations, discussed above, conflict with the experimental model reported by
150
Hansen et a/. [9]. Static atomistic modelling suggest that the minimum energy, hence 
most stable, structure o f Na-J(BW) is one in which no Na(31) sites are occupied and 
the occupation of Na(3) sites equal to unity. Cation migration calculations predict an 
energy barrier o f 1.5eV for the occupation o f the Na(31) site from Na(3). In 
molecular dynamics, the cation coordination shell and cation positions are more fluid 
which affords the prediction o f a reduced energy barrier, facilitating the cation 
migration of Na(3) to Na(31) site occupation.
Molecular dynamics simulations at lOOK, 200K, 300K and 400K suggest that 
the occupation of Na(31) sites increases with temperature, with an activation barrier 
present between 200K and 300K, the occupation o f an Na(31) site observed firstly at 
300K. The distribution o f Na(3) to Na(31) sites, was observed to increase upon 
increasing the temperature with double the number o f cations occupying Na(31) sites 
at 400K than at 300K, with no migration back to the original Na(3) site upon 
quenching to 1K in either case.
Conflicting results ensuing between the previously published experimental 
structure[9] can be rationalised by the molecular dynamics simulations that suggest 
that the occupation o f the Na(31) site increases with temperature. The distribution 
therefore o f the occupied Na(3) and Na(31) positions may be dependent on the 
synthesis conditions, including possible hot-spots during zeolite synthesis. This 
suggests that the distribution o f hydrated cation sites within the model proposed by 
Hansen et a/.[9], with 20% occupation o f Na(31) sites, is an average o f Na(31) site 
occupations throughout the sample o f synthesised crystals.
Given the above evidence, the reliability o f the experimental data, and the 
significance o f the results obtained from the static atomistic and molecular dynamics 
simulations, can be ascertained by synthesis and re-determination of the structure of 
Na-J(BW), with particular attention paid to the distribution of Na(3) and Na(31) site 
occupations.
4.6. Synthesis and re-determination of the structure of Na-J(BW)
The first reported synthesis o f Na-J(BW) and Li-A(BW), identified solely as 
the sodium aluminosilicate “nephaline hydrate 1”, and “a lithium aluminosilicate”, 
respectively, by Barrer and White in the early 1950s[7, 8] was reproduced for Na-
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J(BW) by Hansen et al.[9] and significantly altered for the synthesis of Li-A(BW) by 
Norby el a/. [10]. A natural starting point therefore was the reproduction o f the 
original synthesis method outlined by Barrer and White.
A pre-requisite for understanding cation directing effects is that both Li- 
A(BW) and Na-J(BW) are synthesised under identical conditions, differing only in 
the alkali present in solution. To retain consistency, therefore, it was essential that 
the synthesis procedure used to synthesise Na-J(BW) was also reproducible for Li- 
A(BW), replacing the sodium cationic reagent with a lithium equivalent. Attempts to 
obtain phase pure Na-J(BW) were therefore undertaken and only confirmed as a 
viable method if Li-A(BW) is also obtainable via an analogous method.
Further syntheses were performed to ascertain the presence o f any possible 
intergrowths or thresholds for the preferential synthesis o f Na-J(BW) or Li-A(BW) 
over the other. The ratio o f Li^ and Na^ was therefore included as a variable o f the 
reaction mixture for the zeolite syntheses. Details o f the syntheses will now follow.
4.6.1. Characterisation techniques
X-ray diffraction, scanning electron microscopy and energy dispersive X-ray 
analysis were used to characterise the structures, morphology and chemical 
composition, respectively, o f the as-synthesised materials.
4.6.1.1. X-rav diffraction
The X-ray diffraction (XRD) patterns o f the dried as-synthesised materials 
prepared in the laboratory were recorded using a Bruker 0 4  diffractometer in the 
Bragg-Brentano orientation using a rotating flat plate in order to reduce any preferred 
orientation effects. The X-rays were generated from a copper source emitting Cu Ka i 
(1=1.540598 Â) radiation with a secondary monochromator to remove any Kg2 and 
Cu Kb radiation.
Structure refinement using Rietveld refinement within the GSAS[25, 26] 
suite of programs, including Le Bail extraction o f impurity phases in non phase pure 
samples, were performed using XRD data obtained (at 293K) on the BMIB station 
(1 = 0.7997 Â) at the European Synchrotron Radiation Facility (ESRF), Grenoble.
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4.6.1.2. Scanning electron microscopy
Scanning electron microscopy (SEM) imaging and energy dispersive X-ray 
analysis (EDX) were performed using a JOEL JSM-6301F scanning microprobe 
fitted with an Oxford Instruments INCA analysis suite for data processing. The scale 
of each image is noted in each corresponding figure.
4.6.2. Hydrothermal preparation o f Na-J(BW1
4.6.2.1. Barrer and White procedure
The synthesis o f Na-J(BW) outlined by Barrer and White[8] follows the 
‘hydrothermal extraction’ o f crystals at ~360°C from a gel o f composition 
Na2O.Al2O3.2 -3 SiO2.H2O made by mixing the constituents in the correct proportions 
and evaporating the mixtures to dryness. This gel was then mixed with 10ml o f water 
and heated under hydrothermal conditions for a period of 36-60 hours. Barrer and 
White[8] reported Na-J(BW) as a secondary phase to analcite, a cubic crystal of 
composition NaAlSi206-H2 0 [2 7 , 28], with crystals showing mordenite
‘birefringence’ (separation between neighbouring atomic structural units is different 
in different directions) and crystals o f “straight extinction”. Crystals of the same gel 
composition formed under similar conditions included paragonite and cancrinite, 
both sodium aluminosilicate zeolites with Si:Al o f 1:1. Optimum crystallisation was 
reported to occur when the gels were evaporated to the consistency of thick cream on 
the steam bath with a pH~10, i.e. a slight excess o f NaOH.
Hansen and Falth[29] reported an adapted Barrer-White synthesis at 150°C, 
with a gel o f composition Na2 0 -Al203-Si0 2 -H2 0 , giving Zeolite P and nephaline 
hydrate I as crystalline products. The high temperatures used in the Barrer-White 
synthesis however are unachievable in the laboratory using the autoclaves and Teflon 
liners available, where a maximum temperature of 200°C is achievable. The period 
of hydrothermal treatment was therefore lengthened in order to take account of 
reduced temperatures, sampling temperatures of 150°C and 200°C and timescales o f 
up to 7days (168 hours).
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Figure 4.17; XRD patterns o f  samples obtained from hydrothermal treatment o f  Na2 0 -Al2 0 3 -2 Si0 2 - 
H2O gels following an adapted synthesis procedure reported by Barrer and White[8] and Hansen et 
al.[9] for 5-7days at 200®C. Reference patterns o f  sodalite[30] (blue) and analcime[27] (black) are 
taken from the IZA Database o f  Zeolite Structures[31]. Crystalline products are a mix o f  sodalite and 
analcime.
A typical preparation o f a gel of composition Na2 0 -Al203-2Si0 2 -H2 0  
(maintaining the Al:Si ratio as that we expect in the crystalline sample) therefore 
involved the mixing of the constituent reagents (aluminium hydroxide, silicic acid 
and distilled water) in correct proportions and evaporating to form a thick cream via 
rotary evaporation of the alumina/silica solution. Typical masses and reagents used 
per synthesis were as follows: Gel: 3.40g silicic acid (approx 78% Si0 2 , Sigma- 
Aldrich), 3.68g aluminium hydroxide (Al(OH)3, Sigma-Aldirch), 1.89g sodium 
hydroxide pellets (NaOH, anhydrous, Sigma-Aldrich) distilled water. Post 
evaporation to a thick cream, 10ml distilled water was added to the gel, and 
homogenised via mechanical stirring. The solutions were then heated for 3-7 days at
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150°C and 200°C. In each case the product was washed with distilled water, filtered 
and dried at 373K.
The products obtained trom attempts to reproduce the synthesis o f Na-J(BW) 
using an adapted form of the procedure followed by Barrer and White were 
unfortunately unsuccessful. Other sodium zeolites identified as sodalite and analcime 
were obtained when treated hydrothermally at 200°C for 5-7 days (Fig. 4.17), with 
syntheses treated at 150°C for the same timescale resulting in amorphous products.
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Figure 4.18: XRD patterns o f  products obtained from adapted method for preparation o f  Li-A(BW) 
by Norby et a/.[10] to synthesise Na-J(BW). Products obtained appear to be Sodalite (200°C) and 
Zeolite A (150®C).
4.6.2.2. Norby ef al. procedure
A well known synthesis procedure for single phase Li-A(BW)[10] was 
adapted by substituting the lithium reagent for its sodium equivalent (LiCl and NaCl 
powder, Sigma-Aldrich) and sampling temperatures 150°C and 200°C, as before. 
This however resulted in the formation o f mixed phase products identified as mainly
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sodalite (200°C) and zeolite A (150°C) (Fig. 4.18). The higher synthesis temperature 
therefore appears to lead to the denser product, with the density o f sodalite and 
zeolite A equal to 16.7 and 14.2 T atoms per lOOOÂ ,^ respectively, implying that a 
temperature greater than 200°C may result in the successful synthesis o f the denser 
Na-J(BW) structure.
4.6 .2.3. Lin et al. procedure
After completing a succession of the Norby et al. and Barrer and White 
syntheses with limited success, a new method was published by Lin et a/.[19] using 
‘China meta-kaolin’ as the silica and alumina source, reporting the synthesis o f pure 
phase Na-J(BW) and Li-A(BW). This procedure proved to be easily reproducible for 
both Na-J(BW) and Li-A(BW). Phase pure crystals however were obtained only for 
Li-A(BW) with mixed phase samples obtained for Na-J(BW), impurities including 
forms o f hydroxy-cancrinite and sodalite.
Meta-kaolin has an Si:Al ratio o f close to unity and thus appears to be an 
ideal raw material for the synthesis of low-silica zeolites. Calcined meta-kaolin was 
reported as the more active dehydrated and amorphous phase[32]. Here, un-calcined, 
as well as calcined kaolin (Al2Si2 0 $(0 H)4, Sigma Aldrich) was used, preparing gels 
of molar composition AI2O3 2 .0 SiO2" 1.45Na20 31H2O and 
AI2O3"2Si02  1.45Li2 0  31H2O (LiOH, powder, Sigma-Aldrich) as outlined by Lin et 
al.[\9] and treated under hydrothermal conditions at 473K (200°C) for 96hrs. In each 
case the product was washed with distilled water, filtered and then dried at 373K 
(100°C). The same products were obtained independent o f the form of kaolin used.
Observation o f the crystalline products under SEM imaging supported that 
crystals of Na-J(BW) and Li-A(BW) were indeed formed (Fig. 4.19 and 4.20), 
displaying the morphology reported by Hansen et al.[9] and Ghobarkar et a/.[33], 
respectively.
Lin et al.[7>2] report the formation o f Zeolite A when varying the reaction 
period and temperature o f the Na-J(BW) synthesis. No evidence however o f Zeolite 
A was found and structure refinement o f Na-J(BW), performed using XRD data 
obtained at the ESRF, confirmed instead cancrinite and sodalite impurities 
contaminating the Na-J(BW) sample.
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Figure 4.19: SEM images (a) and (b) o f  Na-J(BW) and, (c) the reported morphology by Hansen et 
a/.[9]. Small crystals, which look like fibres, are visible around the crystals. Lin et a/.[32] report the 
observation o f similar fibres, identified as a cancrinite impurity phase.
Figure 4.20: SEM images (a) and (b) o f  Li-A(BW) and (c) the reported morphology by Ghobarker et 
û/.[33]. A number o f  different planes are exposed, implying that an array o f  morphologies o f  Li- 
A(BW) exist.
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4.6.3. Refinement of Na-J(BW) crystal structure
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Figure 4.21: Refined XRD pattern o f  the prepared Na-J(BW) sample (wRp=11.5%). Observed and 
difference patterns below the base line. Vertical tickmarks below the XRD pattern identify the peak 
positions and the phases, 1 (Na-J(BW )) (black), 2 (sodalite[30J) (red) and 3 (vishnevite[34]) (blue), 
respectively.
Refinement of the structure o f Na-J(BW) by application o f Rietveld 
refinement and Le Bail extraction o f the two impurity phases (Fig. 4.21) (which are 
assigned to sodalite and vishnevite (Na6.5Ki.2Cao.i2(Si6Al6024)(S04 )o.96(H2 0 )2, iso- 
structural to hydroxycancrinite (Nag(Si6Al6024)(0 H)iXCOg) 3(H20)6.35), both o f the 
cancrinite family) indicate approximately 40% occupation of Na(31) sites, about 
double that reported by Hansen et a/.[9] (Table 4.3). These results give only an 
indication of the positions and occupations of the two hydrated Na^ sites, as the 
presence of two other phases induces greater errors and difficulty in refinement of a 
single phase within a sample.
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Atom X y z g
Na(3) 0.210 0.510 0.325 0.6 ± 0.024
Na(31) 0.212 -0.008 0.213 0.4 ± 0.024
Table 4.3: Hydrated sodium atomic positions and populations
The refined structure indicates a higher proportion o f sodium cations 
occupying the Na(31) site compared to that previously reported by Hansen et aL[9]. 
Our results support our hypotheses that the distribution is not only temperature 
specific, but also that it is sensitive to the synthesis procedure.
4.6.4. Synthesis o f Li-A(BW) and Na-J(BW) mixtures
Although both ABW and JBW framework zeolites are known to have been 
synthesised with interstitial cations other than Li and Na (section 4.2), the result o f a 
synthesis in which a mixture o f these two preferred cations is present was previously 
unknown. We investigate now the formation o f crystals synthesised in an alkali metal 
cation solution that is a mixture o f LiOH and NaOH. The motivation for this study is 
to see if two distinct and separate zeolite structures are formed in the same synthesis 
media, with Li and Na in their preferred framework, or if there is any evidence o f 
intergrowth structures. We investigate also the dependency o f the crystals formed on 
the solution NaOH/LiOH ratio, identifying if Li or Na has a greater cation directing 
influence when both are competing in the same synthesis media. The synthesis 
procedure adopted was that o f Lin et û/.[32], the solution LiOH/NaOH ratio altered 
to form an array o f different crystal samples.
4.6.4.1. Sample characterisation
The XRD patterns of the samples obtained with different solution Na/Li ratio 
(Fig. 4.22) show that the distribution o f crystals is dependent of the Na/Li ratio, the 
dominant phase being Li-A(BW) in the presence o f greater Li ratio, and Na-J(BW) in 
the presence of Na dominance. It does appear however, that there must be a 
significant majority of the cation present, Li or Na, to form Li-A(BW) or Na-J(BW)
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as the dominant phase, respectively. Mixes below a 75% majority of each leads to an 
altogether different zeolite being formed. This additional structure, identified as a 
form of hydroxy-cancrinite, appears to emerge at the lNa:3Li (25J:75A) ratio, 
becoming the dominant phase when Li/Na ratio is 1:1 (50J:50A)(Fig. 4.23), 
remaining as an impurity phase in addition to sodalite through to 100% Na (Fig. 
4.22) and thus forms alongside Na-J(BW). When cancrinite is the dominant phase, 
the presence of Na-J(BW) and Li-A(BW) via XRD analysis is insignificant, and can 
be argued as unidentifiable amongst the background.
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Figure 4.22: XRD patterns o f  samples obtained from gels o f  varying ratio o f  Li and Na in 
composition. The solution Na/Li ratio is denoted as xJ yA , where x and y  are percentage values and J 
and A denote Na and Li respectively, and thus the expectation o f  the crystalline samples to appear as 
in the same ratio o f  ABW (A) and JBW (J) as the composition o f  the solution.
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Figure 4.23: XRD pattern o f  the 50 Li: 50 Na sample obtained from the Li:Na=l gel composition 
(red). Reference patterns o f  sodalite[30] (blue) and cancrinite[35] (black) are evidence o f  the presence 
o f  each as dominant phases in the sample.
The EDX data shows no evidence of mixed cation phases or intergrowth 
structures, the crystals o f the ABW and JBW morphologies corresponding to 
chemical compositions including Li and Na, respectively. Evidence o f sodium 
deficient crystals in the INarlLi samples provides possible evidence of the presence 
of Li-A(BW) within the INarlLi synthesis products. Crystals o f morphologies 
typical o f Na-J(BW) are also identified, although in amongst a mass o f cancrinite 
crystals. Unfortunately, the precision o f the EDX analysis does not allow 
differentiation between the chemical composition of hydroxy-cancrinite and Na- 
J(BW), differing only in the ratio o f Na present in the crystal (6Si:6Al:8Na and 
6Si:6Al:6Na, respectively). We must also note here that cancrinite can also be 
synthesised with Li^ cations[36, 37], and it may be this product that is observed in 
the SEM image analysis and not Li-A(BW). If so, we may speculate that a cation 
distribution threshold may be present between the synthesis o f Li-A(BW) and Na-
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J(BW), the dominance o f one over the other occurring at large (>1) Li and Na ratios, 
respectively.
The exact phase o f cancrinite is difficult to decipher, as many exist with 
almost identical crystal structures. The prediction of the vishnevite[34] and hydroxy- 
cancrinite[35] phases are approximations based on their XRD patterns. Identification 
of the phase o f cancrinite would require further analysis o f the obtained crystals, 
beyond the scope o f this study.
4.7. Summary and Conclusions
Successful simulation o f the bulk zeolite structures of Li-A(BW) and Na- 
J(BW) are an essential prerequisite to the simulation o f the crystal surface structures 
and the first step in exploring the zeolite growth mechanisms. Static atomistic 
modelling o f the Li-A(BW) phase gave structural geometries in agreement with 
previous experimental studies. However, a modelling study o f Na-J(BW) revealed 
discrepancies between the predicted occupation at OK and reported experimental 
data, in terms o f the position and distribution of the hydrated interstitial sodium 
cations. Previous experimental studies[9, 20] report two hydrated cation sites, Na(3) 
and Na(31) with relative occupations o f 0.8 and 0.2, respectively. The minimum 
energy static atomistic model however is one in which no such occupation o f the 
Na(31) site occurs, with the relative occupancy o f the Na(3) site equal to unity. An 
energy barrier between the simulated and experimental Na(3)/Na(31) cation positions 
W a s  found to be an estimated 1.5eV per Na(3)—►Na(31) cation migration. The 
structural geometries obtained for the bulk Li-A(BW) and Na-J(BW) are confirmed 
by more sophisticated DPT methods in Chapter 6 , supporting the reliability o f the 
interatomic potentials implemented in the static atomistic approach. The 
discrepancies between the predicted occupation at OK and reported experimental data 
are therefore predicted to be a consequence, not o f the sophistication o f the approach 
used, but the temperature o f the simulation and synthesis method.
In an attempt to provide new experimental data, upon which the credibility o f 
the findings from the modelling o f Na-J(BW) can be measured, a synthesis o f Na- 
J(BW) was undertaken. A prerequisite for understanding cation directing effects is 
that both Li-A(BW) and Na-(JBW) are synthesised under identical conditions.
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differing only in the alkali present in solution. The approaches used to synthesise Na- 
J(BW) were therefore utilised to synthesise Li-A(BW) for consistency. The original 
method proposed by Barrer and White[7, 8 ] and then adapted to a lower temperature 
by Hansen et al.[9] were unsuccessful in the formation o f Na-J(BW). A recently 
proposed synthesis method for both Na-J(BW) and Li-A(BW)[38] using meta-kaolin, 
resulted in the successful synthesis o f both zeolites. Here un-calcined kaolin (-46%  
SiO:, -39%  A I 2 O 3 )  resulted in the same products as the calcined form, used in the 
preparation o f gels of composition AI2O3 2 Si02  1.45Na20 31H2O and 
AI2O3 2Si02  1 4 5 Li20  31H2O treated under hydrothermal conditions at 473K for 
96h. Although the Li-A(BW) sample synthesised was phase pure, that o f Na-J(BW) 
was identified (by XRD and SEM) as having two contaminant phases; sodalite and 
vishnevite (a member o f the cancrinite family).
Structural refinement o f the 3 phase sample o f Na-J(BW) yielded Na(3) and 
Na(31) positions and relative occupations o f 0.6 and 0.4 respectively, considerably 
higher than that previously reported. However, the molecular dynamics simulations 
showed a pronounced increase in the occupation o f Na(31) sites with temperature. 
Moreover, once migration from Na(3) to Na(31) has occurred, the reverse migration 
does not occur on a fast timescale and is not promoted by reducing temperature. 
During synthesis therefore, activated Na(31) sites would be expected to remain 
occupied. It is conceivable that fluctuations in temperature during synthesis due to 
heating apparatus and local hot-spots in the synthesis mixture could lead to high 
occupations o f Na(31). Clearly further simulation and experimental work is needed 
to understand the thermal dependence on occupation o f the Na(31) site. However, 
these initial results indicate that migration is activated between 200K and 300K 
giving a lower bound for the activation barrier. Simulations carried out at a range o f 
temperatures would allow us to extract the activation barrier and hence deduce what 
temperature would give rise to the populations extracted from the refinement, which 
would provide an additional test o f the integrity o f both the simulation and the 
refinement.
The cation-directing effects o f Li and Na dictate the difference in the 
resulting ABW and JBW zeolite frameworks, respectively. When, however, a 
mixture o f the two alkali-metal solutions is used in the same synthesis media, a 
threshold appears to exist between the formation o f Li-A(BW) and Na-J(BW),
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crystallisation o f Li-A(BW) dominating at Li:Na>3, and Na-J(BW) dominating at 
Li:Na<0.3. An apparent third phase emerges at mixes below a 75% majority o f either 
alkali-cation, identified as a form o f cancrinite, dominating at Li:Na =1, with sodalite 
present as a minor product. Cancrinite crystals are identified in SEM images o f the 
products obtained across the Li:Na ratios sampled. The subtle difference in the Na 
ratio within cancrinite and Na-J(BW) makes identification o f Na-J(BW) as a minor 
product difficult within the precision o f the EDX analysis. Similarities in the 
morphology o f cancrinite and the array o f Li-A(BW) morphologies, and considering 
that lithium may also be present as the intestinal cation within the cancrinite 
framework, makes differentiation between Li-A(BW) and the Li cancrinite 
equivalent uncertain by means o f SEM and EDX analysis. We can therefore only 
identify the presence of Li-A(BW) and Na-J(BW) by XRD analysis, and speculate 
that a threshold exists whereby the formation of Li-A(BW) and Na-J(BW) occurs 
only at large (>1) Li and Na ratios, respectively.
In the Chapters to follow within this thesis, predictions of the Li-A(BW) and 
Na-J(BW) surface structures will be given. The templating effects o f Na^ and Li^ 
ions in aluminosilicate rich solution and their effects upon the size and distribution of 
oligomers will be discussed, making use o f the methodology recently applied to 
study siliceous solution fragments[39, 40]. The conclusions drawn from these 
computational experiments will be used to provide preliminary insights into the 
growth processes and the role o f cation direction within solution and at the crystal 
surface during zeolite crystallisation.
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Chapter 5: Aluminosilicate Oligomerisation
5.0. Overview
This chapter presents a detailed study o f the thermodynamic viability o f 
aluminosilicate oligomerisation processes during crystal growth. Attention is 
focussed on the pre-nucleation stage, building from the monomeric species up to the 
4-membered chain and ring systems, with comparisons made with pure silica 
oligomerisation processes. The primary focus o f the work is the structure directing 
effects o f cations as templates, specifically Li^ and Na^. We also consider the effect 
o f the Al/Si ratio, pH and temperature on the oligomerisation pathways.
Previous work on the different aluminosilicate fragments thought to be 
present during crystal growth is limited, especially within the branch o f computer 
simulation. Whilst ^^Si NMR has shown the existence o f various oligomers [1-13], 
"^Al NMR is inconclusive due to many different aluminosilicate fragments having 
the same number o f siloxane bridges, i.e. trimer with Si-Al-Si has Al with the same 
siloxane bridges as the Al in the equivalent 3-ring, 4-ring with 1 Al, etc, making them 
indistinguishable from one another via NMR techniques[14] (as discussed in Chapter 
2 ).
The purpose o f this work is to predict the thermodynamically favoured routes 
to aluminosilicate solution species at different Si/Al ratios, temperature and pH in the 
presence o f Li^ and Na^. We build upon preliminary results on gas phase 
oligomerisation that we have reported previously[15]. Together with surface 
simulations (Chapter 6 ) and comparison with analogous silicate oligomerisation 
simulation o f Mora-Fonz et a/.[16-18], we predict how subtle changes in 
stoichiometry and synthesis conditions give rise to different zeolite phases.
Key results are summarised in section 5.4, along with a discussion o f the 
significance o f these results in view o f previous computational and experimental 
research.
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5.1. Approach
Simulation o f the oligomer fragments was performed using DFT using the 
DMOL^ code[19] version 3.1. Starting geometries were generated by permuting the 
silicate clusters reported in an extensive study by Mora-Fonz et a/.[16, 17] in vacuo, 
obtained via an almost identical minimisation technique used within this study, using 
the non-local BLYP functional with double numeric DNP basis set within DMOL^ 
version 2.2. Starting geometries were optimised following the energy minimisation 
scheme with the location o f the cations with respect to the oligomer geometry 
obtained by implementation o f a Monte-Carlo sampling technique, outlined in 
Chapter 3.
Although gas phase models (in vacuo) are not representative o f the 
experimental conditions for typical zeolite synthesis, they are an essential 
prerequisite for solution phase (COSMO) calculations. In order to represent the 
zeolite solution as close to the experimental conditions as possible, the effects of 
solvation, high pH and temperature typical o f zeolite synthesis are considered.
5.1.2. Models studied
The clusters modelled include the neutral and singly and doubly-deprotonated 
permutations o f the fragments represented as stick models in Figure 5.0, not 
forgetting that each also includes a single coordinated cation, C% (Li^ or Na^) for 
every T=A 1^  ^ in the cluster.
Each arrow typically depicts a condensation reaction with water as a by­
product. However, there are four cases that depict more than one condensation 
reaction; (a) the direct route from the dimer fragment to the 4-membered ring 
comprises two condensation reactions and hence the formation o f two siloxane bonds 
and two water molecules; (b) the direct route from the 3-membered ring to the 4- 
membered ring includes not only a bond forming condensation reaction, but also a 
bond breaking hydroxylation reaction in which the 3-ring is broken in order for 
polymerisation and ring formation to occur (Fig. 5.1).
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S i— Al
A|(0H)4 -------► SI
Figure 5.0: Clusters modelled, including a cation (C ) coordinated to each fragment beyond the 
monomeric stages. A single negative charge lies on each aluminium T atom, balanced by the 
coordinated cation/s. The charges, cations, hydroxyl groups and bridging oxygen atoms (which lie in 
the centre o f  each line between two T atoms) are omitted for simplification o f  the figure, as outlined in 
the Key to Figures and Tables, p. 19.
+T(OH), T------ T
T-------T
Figure 5.1: Direct polymerisation route from the 3-membered ring to the 4-membered ring, with a 
possible tetramer as an intermediate. T denotes the four coordinated Si or Al. Hydroxyl groups are 
omitted for clarity, as outlined for Fig. 5.0 above.
5.1.3. Modelling the effects o f increasing pH
The acid-base reaction between hydroxide ions in high pH media and 
oligomers give rise to anionic silicate/aluminate/aluminosilicate clusters (eq. 5.0), 
and is known to promote crystal growth but disfavour larger solution phase 
oligomers[20]. The charge state o f silicate and aluminate species at pH typical o f
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zeolite synthesis are singly and doubly charged units. The doubly charged fragments 
are present to a lesser extent, as are further deprotonated species thought to exist at 
very high pH >12, and thought to contribute to demineralisation[l 1].
T(OH)j + OH -^ T (0H );0  +H 2O (5.0)
As mentioned in Chapter 1, the distribution o f the different charge states of 
silicate oligomers present in solution is dependent on the alkalinity o f the solution, a 
typical zeolite synthesis taking place at pH~10-14.
According to Baes et a /.[21], the silicate oligomers that exist at neutral pH are 
predominantly in a neutral state. As pH increases, the distribution o f neutral and 
singly charged species (singly deprotonated) changes, with an equal distribution 
present at pH~9.5. As pH increases further the distribution o f singly charged silicate 
species reaches a maximum at pH~l 1 at which point doubly charged silicate species 
begin to appear, which increase in concentration becoming the dominant species at 
pH>13. In this work, we consider oligomerisation at pH in which each o f the three 
charged states o f silicate species dominate, neutral pH (neutral species at pH~7), 
alkaline pH (singly deprotonated species at pH~9.5-12) and high pH (doubly 
deprotonated species at pH>13). Deprotonated species were created to mimic the 
high pH o f synthesis, singly and doubly deprotonated, in order o f increasing pH, 
alkaline and high pH, respectively. Further deprotonated states of the larger 4-ring 
oligomers are considered as possible products o f deprotonation and condensation 
reactions o f singly and doubly deprotonated reagents.
The starting geometries for deprotonation were the fully protonated minimum 
energy structures o f the aluminosilicate fragments, with the corresponding 
coordinated cation/s. In order to obtain the lowest energy deprotonated models, the 
removal o f each hydroxyl hydrogen atom was considered, optimising the geometry 
o f each permutation of the deprotonated oligomer.
The lowest energy structure for the singly deprotonated fragments were used 
as starting geometries for the second deprotonation, following the same strategy as 
outlined above, and so forth for further deprotonation.
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5.1.4. Polymerisation at alkaline and higher pH
It has been proposed that the most favourable mechanism of polymerisation 
in the presence o f hydroxide excess (alkaline conditions) is propagated by the 
condensation o f one anion with one neutral monomer, yielding an anionic oligomer 
with the elimination o f water[17, 22, 23]. For example,
M + M ^ D + H 2 0  (5.1)
where M and D represent monomeric and dimeric fragments, respectively. The 
mechanism of condensation reactions between the two reactant species is suggested 
to involve an Sn2 type reaction via a 5-coordinate silicate intermediate[23, 24] with 
intramolecular hydrogen transfer, in which the most favourable approach o f the 
monomer is so to form an almost cyclic-like structure.
The formation o f alkaline (singly charged) and high pH (doubly charged) 
aluminosilicate units appear to follow suit, favouring the same anionic pathway as in 
Eq. 5.1 (Appendix 5). This pathway is assumed for the condensation reactions in the 
following results section, a neutral monomer reacting with a charged oligomer 
forming a larger oligomer with the sum o f the reactant charges.
5.2. Results: Aluminosilicate condensation reactions in solution
The condensation pathways resulting from the geometry optimisation 
scheme, outlined in Chapter 3, are shown schematically in Figures 5.2 to 5.10 for the 
solution phase simulations, with the gas phase simulations o f the same fragments 
presented in the appendix (Appendix 2). The energetics are noted as changes in the 
Gibbs free energy, AG (kJ mol'*), and hence include entropie and enthalpic 
contributions to the energy, as well as the fragment zero-point energies.
Different pH conditions are noted as neutral, alkaline and high pH, 
corresponding to fragments with (a) an overall charge o f zero (b) a single negative 
charge corresponding to deprotonation o f a single hydroxyl group and (c) a double 
negative charge corresponding to deprotonation of two oligomer hydroxyl groups.
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The coordinated cations, fragment charges, terminal hydroxyl groups and 
bridging oxygen atoms are omitted from Figures 5.2-5.10 for clarity (as outlined in 
the Key to Figures and Tables, p. 19). The condensation energies for the formation of 
fragments in the presence lithium and sodium are distinguished by the colour o f the 
values above and below the reaction arrows; the formation of fragments in the 
presence o f lithium are noted in blue and those in the presence of sodium are noted 
in purple. This key is transferable to figures throughout the chapter, including values 
within tables.
Si(0 H)4
-40
ai(oh)7 ...c^’^ ^
- 5 l |  -43
ai(o h )7 +
> Si
SI Al
+43 +32
+6 + 1 1
Figure 5.2: Solution phase condensation pathway leading to the formation o f  the 4-membered ring 
with different Si/Al ratios under neutral pH conditions at OK.
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Si(0H)4
r r  ^ai(oh)4„.c ^
-SoJ-49
ai(o h )7  +
Si Al
S i Si
Figure 5.3: Solution phase condensation pathway leading to the formation o f  the 4-membered ring 
with different Si/Al ratios under neutral pH conditions at 298K.
Si(OH)^
-12
A|(0h)4...C'"
-saj-s?
A|(0H)4 + C
-19 > Si
S i Al
- 3 0 -2 9
-7 1 -7 1
s / — Si
Figure 5.4: Solution phase condensation pathway leading to the formation o f  the 4- membered ring
with different Si/Al ratios under neutral pH conditions at 450K.
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Si— Al
s i ( o h ) . o “ +C^ +44 +35
si(o h K o  ...C^
+ 2 3 + 1 9AI(0H)4...C+
si(o h ) , o
S i SI
Figure 5.5: Solution phase condensation pathway leading to the formation o f  the 4-membered ring 
with different Si/Al ratios under alkaline pH conditions at OK.
SI— AI
Sl(OH)gO +C'^
■
-50 -52
si(o h ) , o  ...C^
Al(OHL...C+ 1 8 - 2 2
siIo h K o
SI— SI
Figure 5.6: Solution phase condensation pathway leading to the formation o f  the 4-membered ring
with different Si/Al ratios under alkaline pH conditions at 298K.
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Si Al -61 -50
-46
-27 -24 -41
Al Si-46-27-54 -61
-34-31
Si Al-10
-23
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-12
Si Si-41-41-11
-66-26 Al Si<32-21f-26
-15 -12
-33
-36 -44 -90-90-26 -29
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-53 Si Si
Figure 5.7: Solution phase condensation pathway leading to the formation o f  the 4-membered ring 
with different Si/Al ratios under alkaline pH conditions at 450K.
Si(0H)4
Si(OH)gO' 
+421
Si(0H)2(0)^-
-50
, .-36
A|(0H)4...C^
-51 J - 4 3
A|(oh)4
> Si
Si AI
Si _+51
Si -^ 4 8
1+35 +39
s O s ,
Figure 5.8: Solution phase condensation pathway leading to the formation o f  the 4-membered ring
with different Si/Al ratios under high pH conditions at OK.
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SIlOHi.O
Si Al
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Al(OHL...C^
■
-50 -49
Al(OHL +C^
Si Si
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Figure 5.9: Solution phase condensation pathway leading to the formation o f  the 4-membered ring 
with different Si/Al ratios under high pH conditions at 298K.
Si(0H)4
I -20
Si(0H )^0' 
+421
Si(0H)2(0)22 -
Al
/ \  
S i— AI
Î-
Al'
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-53J -57
ai(o h )7  f C "
-6
. 429
* Si''' ^ 3 +  Si'^^T'^Si
29 -29
Si— Si
Si AI
Si -^39
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Figure 5.10: Solution phase condensation pathways to the formation o f  the 4-membered ring with
different Si/Al ratios under high pH conditions at 450K.
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5.2.1. Thermodynamically favoured mechanisms of oligomer polymerisation at 
neutral to high pH. at OK. 298K and 450K
To identify the thermodynamically favourable components of the sol/gel 
mixture of zeolite synthesis, the most thermodynamically favourable routes are 
highlighted in the figures to follow. The highlighted reaction pathways are those of 
polymerisation, the aluminosilicate dimer through to the tetramer chain, and finally 
the closure o f the polymer chain to form the 4-ring. Coloured arrows depict the order 
of each pathway with respect to how thermodynamically favourable they are, green 
being the most thermodynamically favourable polymerisation pathway, the
second most favourable and red the least favourable route. Alternative routes are 
also presented, represented by dashed lines.
Each individual step o f the polymerisation mechanism is now discussed, from 
the formation of the monomer-cation fragment, dimérisation and further 
polymerisation, to the different routes to the 3- and 4-ring oligomers.
5.2.1.1. Monomer-cation complex formation
Monomeric units in solution serve as the starting ingredients and propagators 
o f polymerisation, and are thus key fragments in zeolite growth. The distribution o f 
monomeric units in solution, under neutral to high pH conditions at OK, 298K and 
450K, can be predicted from analysis o f their formation energies (Table 5.0).
Under neutral conditions, both lithium and sodium cations prefer to bind to 
the aluminate monomer rather than the silicate equivalent. This is attributed to the 
coulombic interaction between the negatively charged aluminate monomer A1(0H)4 
and the cation (Table 5.0, A l), stabilising the monomer fragment, compared to that 
between the cation and the charge neutral silicate monomer, Si(0H)4 (Table 5.0, SI).
The preference for aluminate-cation formation extends to alkaline conditions. 
The formation, however, o f the singly deprotonated aluminate monomer, with or 
without a coordinated cation, is significantly unfavourable (Table 5.1, A2 and A3). 
The unfavourable deprotonation o f the aluminate monomer means that even at high 
pH we still expect to observe the A1(0H)4~ monomer as the dominant charge state of
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the aluminate monomer. This concurs the dominance o f Al(OH)4 species at all pH 
reported by experimental NMR studies[14].
Reaction number. 
Reactant
Product
AEg
OK
AGg
298K
AGg
450K
AEs
OK
AGs
298K
AGs
450K
S 1 .S I(0 H )4  + C^
SI(0H )4...C"
-202 -198 -202 -5 -8 -14
F -144 -147 -154 -12 -21 -30
S2. SI(0H )4...C"
w
-669 -668 -669 -63 -60 -61
F SI(0 H ) 3 0  . . . c -620 -620 -622 -49 -49 -51
S3. SI(0H )4
. -k S I(0H )30" -166 -173 -178 -16 -17 -20F
84. S I(0 H )3 0 "  + C"
w
-705 -693 -693 -51 -50 -54
F SI(0 H ) 3 0  . . . c -598 -594 -598 -45 -52 -61
8 5 . S I(0H )30"
- . k SI(0H)202^‘
+337 +342 +343 +42 +43 +42
F
8 6 . S I(0H )202^  + C"
k SI(0H )202^'...C^
-1204
-1054
-1197
-1056
-1200
-1063
-88
-65
-85
-70
-89
-77
87. S I(0H )30" ...C ^
SI(0H)202^’...G"
-162
-119
-162
-120
-164
-122
+5
+22
+8
+26
+8
+26
A1. AI(0H)4~ + C"
k AI(0H)4"...C*
-702 -691 -692 -51 -50 -53
F -589 -587 -592 -43 -49 -57
A2. AI(0H )4~...C"
AI(0H)30^-...C"
-96
-59
-96
-59
-97
-60
+62
+82
+68
+87
+68
+88
A3. AI(0H)4~
k AI(0H)30"- +415 +420 +420 +108 +109 +107
A4. AKOHhO^' + C"
k A 1(0H )30^...C"
-1214 -1206 -1209 -98 -91 -93
F -1064 -1066 -1072 -70 -71 -77
Table 5.0: Formation energetics o f  the monomer precursors to polymerisation. The energies are noted 
in kJ mol '. Subscripts g and s denote gas and solution phase simulation, respectively. Colour coding 
o f  the text is as defined in the Key to Figures and Tables, p. 19.
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Conversely, the deprotonation of the silicate monomer is thermodynamically 
favourable, slightly more so with increasing temperature. Further deprotonation o f 
the silicate monomer to form the doubly charged unit identified by Baes et <7/.[21], is 
however slightly thermodynamically unfavourable (Table 5.0, S3 and S7). The 
dominance o f anionic silicate species is well known within the high pH conditions of 
typical zeolite growth, with experimental studies identifying the singly and doubly 
charged silicate species dominating at pH ~ 10-12 and pH > 12, respectively[l 1, 20, 
21,25-27].
Under alkaline conditions, we compare the coordination of the cation to the 
singly deprotonated silicate monomer with cation coordination to the singly charged 
aluminate monomer (Table 5.0, S4 and A l, respectively).
A l(O H )/...C * + S i(O H ),0 - -4. A l(O H )/ +S i(O H )30 ...C+ (5.2)
Both lithium and sodium cations coordinate equally favourably to the singly 
charged silicate and aluminate monomer. The distribution o f the monomer-cation 
complex formed seems to depend on the energy cost o f abstraction (AGabs) of the 
cation from the aluminate monomer to the silicate anion as the pH increases. 
Transfer of the cation from the aluminate monomer to the anionic silicate monomer 
(eq. 5.2) is slightly more favourable in the presence o f sodium (AGabs=-3 kJm of' 
(Na) at 298K and -4 kJm of’ (Na) at 450K) compared to lithium (AGabs^+O kJm of' 
(Li) at 298K and -1 kJm of‘ (Li) at 450K), a consequence of weaker interactions 
between the aluminate monomer and sodium cation compared to the lithium cation. 
In each case however, the energy change is very small suggesting that an equal 
distribution o f both may be present.
The distribution o f monomeric units at high pH is suggested to be weighted 
towards the singly charged aluminate, A1(0 H)4" C \  and singly deprotonated silicate 
monomer-cation, Si(0 H)3 0 "C^, complexes, with the doubly deprotonated silicate- 
cation, Si(0 H)302^'C^, and bare singly charged aluminate monomers, Al(OH)4~, 
present to a lesser degree (Table 5.0). However, assuming the dominance of doubly 
deprotonated silicate species over other charged states o f the silicate, the distribution 
o f the A1(0H)4” aluminate monomer and doubly deprotonated Si(0H)202^' silicate 
monomer, with or without a coordinated cation, is predicted to be dependent on the
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energy of abstraction o f the cation from the aluminate-cation monomer to the bare 
Si(0H)202^' monomer (eq. 5.3) (AGabs=-35 kJmol^ (Li), -20 kJmof* (Na) at 298K 
and 450K). The energy change is greater than that observed for the singly 
deprotonated silicate, implying that the monomer-cation distribution at high pH is in 
favour o f the silicate species (eq. 5.3).
Al(OH),,..C" + [S i(O H X O j"- ^  AI(OH), + [S i(0 H )j0 2 f- ...C "  (5.3)
The distribution of monomers at each pH does not appear to be affected 
significantly by increasing temperature, each reaction becoming slightly more 
favourable (by a maximum o f 17 kJmol'*) with increasing temperature.
5.2.1.1.1. Deprotonation o f the monomer-cation complex
The deprotonation o f the silicate and aluminate monomer is 
thermodynamically more favourable when part o f a monomer-cation complex (Table 
5.0), a consequence o f the weakening o f the hydroxyl O-H bond by interaction with 
the coordinated cation (Fig. 5.11). For example, in the instance of the neutral silicate 
monomer, the cation acts to induce a dipole within the monomer, attracting charge 
from the OH bond towards the cation via the O o f the OH to which the cation 
coordinates. The increase in the negative charge residing on the oxygens (-0.940 (Li 
and Na) compared to -0.877 in the isolated monomer) and consequential increase in 
the positive charge on the hydrogen atoms (+0.680 (Li), +0.652 (Na) compared to 
+0.592 in the isolated monomer) increases the polarity o f the OH bonds and weakens 
their covalency. The weakening o f the OH bonds is reflected by an increase in the O- 
H bond distance (Fig. 5.11), also observed for the aluminate-cation complex and 
singly deprotonated silicate-cation monomer. Deprotonation o f the OH groups to 
which the cation coordinates is thus energetically more favourable compared to those 
o f an isolated silicate (Table 5.0, S2 and S3) and aluminate monomer (Table 5.0, A2 
and A3).
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( a )
2.462^  >#
Figure 5.11: Silicate monomer (a) isolated, (b) coordinated to a lithium cation and (c) coordinated to 
a sodium cation. Each model is the minimum energy configuration in solution. Colour coding o f  the 
constituent species is as defined in the Key to Figures and Tables, p. 19.
5.2.1.1.2. Binding energies: Cation to aluminate/silicate monomers
T h e  b i n d i n g  e n e r g y  o f  a  m o l e c u l e  o r  c o m p l e x  i s  t h e  e n e r g y  r e q u i r e d  t o  
s e p a r a t e  t h e  s y s t e m  i n t o  i t s  c o m p o n e n t  s p e c i e s ;
^binding ^monomer +cation {^monomer ^cation ) (5.4)
AEok AG298K AG450K
F r a g m e n t  /  C a t i o n L i " N a " L i " N a " L i " N a "
A 1( 0 H ) 4" . . . C ^ -63 -47 -59 -51 -62 -61
A 10 ( 0 H ) 3^ ' . . . C ^ -115 -75 -107 -78 -109 -85
S i ( O H ) 4 . . . C ^ -14 -18 -17 -27 -24 -36
S i O ( O H ) 3 " . . . C + -63 -47 -63 -57 -68 -66
S i 0 2 ( 0 H ) 2 ^ ' . . . C ^ -88 -66 -85 -70 -89 -77
Table 5.1: Gibbs free binding energies (AGy in solution, kJmol ') o f  the cations, lithium (blue text) 
and sodium (purple text), to the monomeric aluminate and silicate fragments at different pH. Each 
energy is calculated in the solution phase at OK, 298K and 450K.
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In support o f the formation energies presented in Table 5.0, both lithium and 
sodium cations appear to bind most strongly to the aluminate monomers, compared 
to the equivalently charged silicate monomers, with the lithium cation binding more 
strongly than the relatively diffuse sodium cation. This is as one would expect for the 
relatively negatively charged aluminate (Al=+3) compared to the silicate (Si=+4) 
monomer, and hence the greater ionic interaction with the cations, the smaller 
lithium cation able to bind more closely to the monomer units (Fig. 5.11).
In the instance o f the neutral silicate monomer, the sodium cation binds more 
strongly than the smaller more electronegative lithium cation, the formation energy 
of the silicate-cation complex also more favourable in the presence o f sodium (Table 
5.0, SI). The most significant difference between the two models is the effective 
charge on the sodium and lithium cations, and the Si o f the silicate monomer.
The more exothermic binding energy o f sodium to the neutral silicate 
monomer can be attributed to its relatively lower electronegativity compared to 
lithium. With reference to the previous sub-section (5.2.1.1.1), the coordination o f a 
cation to the neutral silicate monomer is via an induced dipole. The lithium cation is 
more electronegative and has a higher first ionisation energy (513.3 kJmol ') 
compared to sodium (495.8 kJmol'^)[28, 29]. Lithium therefore has a higher affinity 
for charge (59.8 kJm of' (Li), 52.9 kJmoL* (Na)[28, 29]) and creates a greater dipole 
within the monomer-cation complex, a charge difference o f 0.38 between the Si 
(+1.219) and the Li (+0.836) compared to 0.21 between the Si (+1.167) and Na 
(+0.961). The greater dipole induced by lithium acts to destabilise the neutral silicate 
fragment compared to the sodium-silicate monomer, a clear contrast to the stabilising 
effect o f lithium when coordinated to deprotonated units (discussed later). The 
sodium cation accepts less charge from the monomer and consequently has a greater 
positive effective charge, resulting in stronger polar coulombic interactions with the 
hydroxyl groups o f the monomer (charge on O o f OH groups = -0.940 in both Li- 
and Na-silicate complexes). The destabilisation caused by the lithium, and the 
weaker Li-OH interactions leads to a less favourable formation and binding energy 
compared to the sodium complex.
Note also that the binding energies increase with increasing charge on the 
aluminate/silicate monomer. This is as expected o f ionic interactions, with the
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coulombic attraction increasing with increasing charge difference between the cation 
and charged monomeric species.
5.2.1.2. Dimer Formation
S<OH). ^ Si(0H)4
Al(OH)"..C+'^^
+ —
A|(o h )7...C‘^
- 5 l |  -43 -5oJ-49
A|(0H)4 + A|(0H)4 +C
(a) OK (b) 298K
A|(0H)4...C'^
-ssj-s?
A|(0H)4 +0"*" 
(C ) 450K
Figure 5.12: Formation o f  the monomer-cation fragments and subsequent dimérisation in neutral pH 
solution at (a) OK, (b) 298K and (c) 450K. Energies are noted in Id mol * for polymerisation in the 
presence o f  lithium (blue) and sodium (purple).
Under neutral conditions, the monomeric units that dominate are the neutral 
Si(OH)4 and the charged Al(OH)4 fragments. Under such conditions both Li^ and 
Na^ preferably bind to the aluminate monomer, neutralising the extra charge on the 
aluminium, forming the Al(OH)4~C^ fragment (Table 5.0). The most favourable 
route to the aluminosilicate dimer is thus via the condensation of the Si(OH)4 and 
A1(0H)4~C^ monomer fragments (Fig. 5.12).
Dimérisation in neutral solutions (Fig. 5.12) tends to be more favourable in 
the presence o f sodium compared to lithium as the synthesis temperature increases. 
At room temperature (where experimental mixing of the starting ingredients takes 
place), both Li and Na cations coordinate equally favourably to the aluminate 
monomer to form the monomer-cation fragment. As temperature increases however 
(450K), sodium appears to promote the initial binding o f the cation to the monomer 
as well as polymerisation to form the dimer.
As the pH of the solution becomes more alkaline, the species in solution 
undergo deprotonation via the removal of a proton by OH ions in solution. Having 
noted that the deprotonation o f the silicate monomer is thermodynamically more 
favourable than that o f the aluminate and aluminate-cation monomer, polymerisation 
forming the singly deprotonated dimer fragment is expected to proceed via the
184
condensation o f the Si(0 H)3 0* anion and the Al(OH)4‘ monomer (Fig. 5.13). The 
formation of the monomer-cation fragment in this instance is comparable for both 
monomers (Table 5.1). The formation o f the anionic dimer may then proceed via 
both routes (Fig. 5.13). Note that dimérisation is equally favourable irrespective o f 
whether the cations bind to the silicate or the aluminate monomer.
S i(0H )4 Si(OH)4
Si(OH)gO" Si(OH)gO" +C ^
-51 I  -45 -50 -52
Si(0H )^0"...C ^ Si(0H )^0"...C +
S i(0 H ),0
-50 -49
S i(0 H ),0
S i(0 H ),0
■
S i(0 H ),0
A|(o h )4 + C
S i(0 H ),0
Figure 5.13: Formation o f  the monomer-cation fragments and subsequent dimérisation in alkaline pH 
solution at (a) OK, (b) 298K and (c) 450K. Energies are noted in kJmol * for polymerisation in the 
presence o f  lithium (blue) and sodium (purple).
At higher pH, the formation of the monomer-cation fragment is increasingly 
dependent on the abstraction o f the cation from the aluminate monomer to the doubly 
deprotonated silicate monomer. The thermodynamically favourable abstraction o f the 
cation from the aluminate monomer to the doubly deprotonated silicate monomers 
indicate that the concentration o f the doubly deprotonated monomer-cation complex 
is dependent upon the free cation and aluminate-cation concentration in solution. The 
doubly deprotonated monomer-cation complex may also be the product o f the 
deprotonation o f the singly deprotonated monomer-cation complex, which, although 
thermodynamically unfavourable, is markedly less unfavourable than the 
deprotonation of the bare singly deprotonated silicate monomer (Table 5.0).
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R e a c t i o n  n u m b e r .
R e a c t a n t s  fo r d im e r  fo r m a t io n  
[ ( 0 H ) 3 A I - 0 - S i ( 0 H ) 0 2 f
AEs, OK AGs, 298K AGs, 450K
-50 -32 -26
D 1. A I (0 H )4 . . .C "  + S i ( 0 H ) 2 0 2 ^
-36 -15 -6
-13 *3 t9
D 2 .A I ( 0 H ) 4  + S i ( 0 H ) 2 0 2 ^ ’ . . .C "
-14 + 14+5
Table 5.2: Formation energies (kJmol ') o f  the doubly deprotonated aluminosilicate dimer in the 
presence o f  lithium (blue) and sodium (purple). Subscripts denotes solution phase simulation.
The formation o f the doubly deprotonated dimer under high pH conditions 
may occur via one o f two routes (Table 5.2); D l, the condensation o f the aluminate- 
cation monomer with the doubly deprotonated silicate anion, or D2, condensation o f 
the aluminate monomer with the doubly deprotonated silicate-cation monomer. The 
latter route is however, thermodynamically unfavourable in the presence o f both Li 
and Na; the coordination o f the cation to the doubly deprotonated silicate thus 
inhibiting dimérisation.
At high pH therefore it can be argued that the concentration of 
aluminosilicate dimers is much reduced compared to lower pH, the formation o f the 
doubly deprotonated silicate monomer inhibiting dimérisation by competing with the 
aluminate monomer for cation coordination. The dominating species in solution at 
such high pH values are therefore the monomeric aluminate and anionic silicate 
units. This is in agreement with the experimental observations that very high pH is 
not conducive to zeolite nucleation[30].
Dimérisation appears to be inhibited by increasing temperature, attributed to 
the increasingly unfavourable entropy change upon dimérisation, whilst the change 
in enthalpy is relatively unchanged (Appendix 3).
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5.2.1.2.1. Effect o f pH: Li^ versus Na^
The effect o f pH on dimérisation differs in the presence o f each cation. 
Whereas dimérisation is more favourable as pH increases when in the presence of 
lithium, the opposite is true for sodium. The formation of the dimer under neutral 
conditions is more favourable in the presence o f sodium compared to lithium. For the 
formation o f the monomer-cation complex under neutral conditions this is attributed 
to the destabilisation by the dipole induced within the fragment by the 
electronegative lithium cation. As the pH increases however, the preference is 
reversed, dimérisation becoming more favourable in the presence o f lithium.
At alkaline pH, the charged state o f the dimer fragments formed is more 
negative compared to neutral conditions due to the deprotonation o f the hydroxyls by 
OH in solution. This extra charge is balanced in part by the coordinated cation. 
Lithium, having a higher affinity for charge, accepts a greater portion o f the extra 
charge of the singly deprotonated dimer compared to sodium, the charge residing on 
the cations being less positive than in the neutral state, by 0.066 and 0.033, 
respectively. The lithium therefore coordinates more strongly to the deprotonated 
oxygen, distorting the dimer configuration, increasing the Si-O-Al angle and 
breaking the hydrogen bonding between HI and 03  (Fig. 5.14) (Note here that the 
deprotonated model is an evolution o f the fully protonated model Li-0, Fig. 5.14). 
The lower affinity for charge destabilises the sodium-dimer compared to the lithium- 
dimer and neutral sodium-dimer, inhibiting dimérisation at alkaline pH compared to 
the neutral state (Fig. 5.12 and Fig. 5.13).
At higher pH, the extra negative charge resides further away from the cations 
compared to the alkaline dimers. The extra charge in this instance is redistributed by 
taking part in hydrogen bonding with H2 (Fig. 5.14) that accepts part o f the extra 
charge in both the lithium and sodium dimer, the positive charge residing on H2, 
becoming relatively more negative by 0.105 and 0.232, respectively. The greater 
negative charge on H2 in the sodium dimer is reflected by the shorter 02-H2 
distance (1.736 Â) compared to that in the lithium dimer (1.754 Â) (Fig. 5.14). A 
subsequent decrease in the hydrogen bond distance and Si-O-Al angle was also 
observed to accompany double deprotonation (Fig. 5.14).
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H1 1.767 1 03
(N a-0)
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1336 i03
(Li-1)
o i
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Ç^2J)07
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Figure 5.14: Dimers at neutral (Li-0, Na-0), alkaline (Li-1, Na-1) and high (Li-2, Na-2) pH. Blue and 
purple spheres represent lithium and sodium cations, respectively. Colour coding o f  the fragment 
atoms is as outlined in the Key to Figures and Tables, p. 19.
The formation energy o f the aluminosilicate dimer does not alter significantly 
upon increasing the solution pH, from alkaline to high pH. The formation o f the 
lithium-dimer is more favourable compared to the high pH sodium-dimer, indicating 
that the cation coordination and charge distribution dictates the cation preference 
above internal hydrogen bonding.
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5.2.1.3. Polymerisation: Trimer and Tetramer chain formation
Further polymerisation may proceed to form the trimeric and tetrameric 
aluminosilicate chains with either 1 or 2 aluminium T sites. In addition to the number 
of aluminium T sites, permutations exist as to where in the chain these T sites reside. 
Thermodynamically favoured pathways to each chain differ in the presence o f each 
cation and at the increasing pH and temperatures, from initial mixing of the starting 
ingredients (298K, neutral to alkaline pH) to hydrothermal synthesis (450K, alkaline 
to high pH).
5.2.1.3.1. Neutral pH
Under neutral conditions, the most thermodynamically favourable routes o f 
oligomer polymerisation are the same in the presence o f both lithium and sodium 
cations (Fig. 5.15). However, notably, polymerisation from the dimer, forming the 
trimer, is more favourable in the presence o f sodium compared to lithium, but with 
the reverse true for further polymerisation to the tetramer chains.
Polymerisation o f the aluminosilicate dimer by addition o f a monomer 
fragment favours the consumption of an aluminate monomer to form the Al-Si-Al 
trimer (Fig. 5.15, route A), forming the tetramer oligomer with an even number o f T 
atoms, and hence Si/Al ratio o f unity. The reaction pathways leading to products with 
decreasing Al content are increasingly less favourable, with the Al-Si-Si trimer the 
least thermodynamically favoured product from the aluminosilicate dimer (Fig. 5.15, 
route C). Addition, therefore, o f an aluminate monomer to the dimer is favourable 
over the addition o f a silicate, highlighting the reactivity o f an aluminate species. We 
also observe the same trend for further polymerisation o f the Si-Al-Si trimer (Fig. 
5.15, route B) and low-Al trimer (Fig. 5.15, route C), which favourably consume an 
aluminate monomer to form the Si]Al2 tetramer in preference to the low-Al 
equivalent. The distribution o f chain oligomers in neutral solution conditions is 
therefore weighted in favour o f high-Al trimer and tetramer chains, with the low-Al 
equivalents present as minor products.
The most thermodynamically favoured routes to the larger chain oligomers 
remain unchanged as the solution temperature increases. We observe, however, that
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each polymerisation reaction becomes less favourable as temperature increases; due 
to the increasingly unfavourable change in entropy (Table 5.3-5.4).
. - ' ' - A ,  - 1 ^
B
(a)
A , - - " ' - A ,  ^
B ^
(b )  S i ^  '
X  c  - % r
AL .S i
(c) J n  ^
-14
Figure 5.15: The most thermodynamically favourable reaction pathways for the formation o f  linear 
aluminosilicate oligomers under neutral conditions at (a) OK, (b) 298K and (c) 450K. The reaction 
pathways are labelled A-C, and the arrows coloured in order o f  most, green and yellow, to least, red, 
thermodynamically favourable. Condensation energies are noted in kJmol ' for polymerisation in the 
presence o f  lithium (blue) and sodium (purple).
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Trimérisation AH
298K
TAS AH
450K
TAS
-34 -11 -33 -15
N T "Al -36 -10 -35 -14
-21 -7 -21 -11
'"Si -31 -10 -31 -16
-11 -8 -11 -11
N T '"Si -17 -11 -17 -17
Table 5 3 :  Enthalpy (AH) and entropy (TAS) o f  reaction for the formation o f  neutral trimer 
aluminosilicate species via the condensation o f  an aluminosilicate dimer and corresponding 
monomeric unit. Condensation energies are given in kJmol ' for polymerisation in the presence o f  
lithium (blue) and sodium (purple).
Tetramerisation 298K 450K
Reactants Products AH TAS AH TAS
^ S i -
NT '^ A l -31 -17 -32 -26Si Si -34 -18 -36 -29
^ A l. -44 -20 -44 -30
Si ^ ^Si Si ^ S i -39 -18 -40 -27
^Ai ^Si -21 -18 -22 -28
S i ^  " - S i ^ -15 -17 -17 -27
^ S i .
^ S i
-31 -17 -32 -28
NT Si ^ S i -29 -16 -30 -26
-42 -18 -44 -28
Al ^ S i -44 -19 -45 -31
Table 5.4: Enthalpy (AH) and entropy (TAS) o f  reaction for the formation o f  neutral tetramer 
aluminosilicate species via the condensation o f  an aluminosilicate trimer and corresponding 
monomeric unit. Values are given in kJmol ‘ for polymerisation in the presence o f  lithium (blue) and 
sodium (purple).
5.2.1.3.2. Alkaline dH
The thermodynamically most favourable polymerisation reactions under 
alkaline conditions follow contrary to those in neutral pH. Chain growth from the 
dimer to the trimer shows a tendency to prefer low-Al products in the presence o f 
both Li and Na cations (Fig. 5.16) via the preferential consumption o f silicate over 
aluminate monomers. Worth noting at this point is that polymerisation from the low-
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Al trimer (route C) exhibits a slightly different preference in the presence o f each 
cation; the sodium-low-Al-trimer preferring the consumption o f the silicate monomer 
whereas lithium-low-Al-trimer prefers that o f an aluminate monomer to form the 
high-Al Al-Sii-Al tetramer at 298K and 450K. Here, the preference in each case is 
only slight, by a maximum of 8 kJmol ’, the cation-specific directing effects 
becoming more apparent at higher pH.
Whereas an increase in temperature is usually related to an increase in the 
rate o f a reaction, as the simulation temperature increases, polymerisation appears to 
be less thermodynamically favourable. The entropy appears to make a greater 
contribution to the reaction energetics (Tables 5.6 and 5.7), such that the entropy 
change, TAS becomes more negative, whilst the enthalpy change remains relatively 
unchanged with increasing temperature. This increase in entropy acts to disfavour 
order induced by polymerisation.
The unfavourable change in entropy o f chain polymerisation can be 
understood in terms o f a reduction in solution entropy (the condensation o f two 
fragments (a monomer and a dimer) to form a single larger trimer fragment). The 
difference in the change in entropy in the presence o f the lithium and sodium cation 
can be rationalised in terms o f the entropy o f the individual trimer units compared to 
the preceding dimer fragment.
Generally, for the low-Al trimer fragments, the entropy o f reaction is 
relatively more favourable when in the presence o f lithium. Comparing the entropy 
of the singly deprotonated dimer fragment in the presence of sodium compared to 
lithium, the sodium-dimer has a greater total entropy than the lithium equivalent, 
with a difference o f 29 kJm of’ at 298K and 450K. However, the difference in the 
entropy o f the individual cation-low-Al-trimer units is much smaller, a maximum of 
only 4 kJm of' at 298K and 450K, with the sodium-low-Al trimers having the greater 
entropy in each case, and the entropy o f the trimer fragments greater than that o f the 
dimer units. The relative rigidity o f the lithium-dimer can be attributed to the shorter 
cation-oxygen distances compared to Na-O distances of the sodium-dimer (Fig. 
5.14). Polymerisation to the low-Al Si-Al-Si trimer fragment results in an increase in 
the Li-0 distances, by an average o f 0.116Â, compared to the smaller increase in the 
Na-O distances, by an average o f 0.034 Â (Fig. 5.14 (Li-0, Li-1, Na-0, Na-1) 
compared to Fig. 5.17 (a-d)). The rigidity o f the lithium fragment, therefore.
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decreases to a larger degree than that of the sodium fragment, which is less rigid 
overall. This results in the increase in entropy upon polymerisation to be greater in 
the presence of lithium, compared to sodium (Table 5.6).
A , - " " ' - A ,
B
I
(b)
(c)
-10 /
Figure 5.16; The most thermodynamically favourable reaction pathways for the formation o f  linear 
aluminosilicate oligomers under alkaline conditions at (a) OK, (b) 298K and (c) 450K. The reaction 
pathways are labelled A-C, and the arrows coloured in order o f  most, green and yellow, to least, red, 
thermodynamically favourable. Condensation energies are noted for fragments coordinated to lithium 
(blue) and sodium (purple), in kJm ol'\ Energies are emboldened when highlighting difference o f  
preferred routes for each cation.
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Trimérisation AH
298K
TAS AH
450K
TAS
-25 -16 -23 -22
A r ■^ Al -23 -12 -22 -18
-25 -5 -24 -7
S\ ^ S i -30 -12 -31 -19
-38 -8 -37 -11
Al ■^Si -44 -15 -46 -25
Table 5.5: Trimer formation under alkaline conditions: Enthalpy (AH) and entropy (TAS) o f  reaction 
for the formation o f  singly deprotonated trimer aluminosilicate species via the condensation o f  a 
singly deprotonated aluminosilicate dimer and corresponding neutral monomeric unit. Condensation 
energies are noted for fragments coordinated to lithium (blue) and sodium (purple), in kJmol \
Tetramerisation 
Reactants Products
298K 
AH TAS
450K 
AH TAS
A l^  ^ A l s,
-45
-55
12
16
-46
-57
-19
-26
S i ^  ^ S i s,
-45
-48
-24
-17
-45
-48
-35
-25
-45
-52
-17
-7
-46
-52
-26
-10
A l^  ^ S i
-32
-38
-13
-4
-33
-36
-21
-4
-42
-43
18
12
-42
-42
-28
-16
Table 5.6: Tetramer formation under alkaline conditions: Enthalpy (AH) and entropy (TAS) o f  
reaction for the formation o f  singly deprotonated tetramer aluminosilicate species via the condensation 
o f  a singly deprotonated aluminosilicate trimer and corresponding neutral monomeric unit. 
Condensation energies are noted for fragments coordinated to lithium (blue) and sodium (purple), in 
kJmol
The entropy o f formation o f the high-Al trimer appears to be less favourable 
in the presence of lithium compared to sodium. Although the sodium cation has a 
greater number o f oligomer oxygen atoms within its coordination sphere, the shorter 
Li-O distances and increased number o f terminating hydroxyl groups coordinated to 
the cations act to constrict the lithium-trimer in an quasi-cyclic geometry (Fig. 5.17). 
The lithium cation binds closer to the hydroxyl groups and brings the two 
terminating T atoms much closer together (4.503Â (Li) compared to 4.590Â (Na)) in
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the acyclic geometry. The difference in the entropy o f the high-Al trimer when 
coordinated to lithium or sodium is equal to 71 IcJmof’ at 298K and 450K, 
significantly larger than that between the lithium- and sodium-dimer units, with the 
sodium-high-Al-trimer having greater total entropy compared to the lithium 
equivalent. Consequently, the change in entropy o f polymerisation from the dimer is 
less favourable in the presence o f lithium (-16 kJmof* (298K), -22 kJmof* (450K) 
Li) compared to that in the presence of sodium (-12 kJmof* (298K) and -18  kJmoT* 
(450K) Na).
(a) (b)
(c)
2.265
,_c^ ^O J931
O7 OOO
(e) ( ! ' )
Figure 5.17: Chain trimer aluminosilicate species most likely to be present in alkaline solution (a)- 
(f). Trimer with 1 Al at the end o f  the chain (a) and (b); 1 Al in the middle o f  the chain (c) and (d); 2A1 
in the chain according to Loewenstein’s rule (e) and (f). Dashed lines represent hydrogen bonding. 
Intramolecular distances are given in Â. A key for the fragments is given in the Key to Figures and 
Tables, p. 19.
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In summary, the major chain products in alkaline solution arc predicted to be 
the low-Al trimers. As temperature increases the formation o f the high-Al tetramer is 
favoured over the low-Al equivalent in the presence o f Li, with low-Al tetramer the 
major product in the presence o f Na. The difference in the structure directing effects 
of Na and Li become more pronounced at higher pH.
5.2.1.3.3.High pH
Similar to polymerisation in alkaline conditions, reaction pathways in which 
silicate monomers are consumed by the aluminosilicate dimer to form the low-Al 
trimer fragments are favoured over those in which the aluminate monomers are 
consumed (Fig. 5.18). At high pH the favoured route o f polymerisation in the 
presence of sodium and lithium differs; cation-direction becoming more apparent.
At 298K (Fig. 5.18 (b)), the route to the low-Al trimer, in terms o f which T 
atom of the dimer the silicate monomer preferably condenses onto, differs in the 
presence of each cation. Addition o f the silicate monomer to the Si terminated end 
forming the Al-Si-Si trimer (route C, Fig. 5.18 (b)) appears to be the 
thermodynamically favoured route in the presence o f sodium, whereas in the 
presence o f lithium, the formation o f the Si-Al-Si trimer (route B, Fig. 5.18 (b)) is 
favoured slightly over the latter. It can be argued that the difference in the 
condensation energies o f the two routes in the presence o f lithium is within the 
estimated 3% error o f the calculation. We can therefore predict that in the solution 
rich in lithium or sodium the trimeric species that dominate are the low-Al species, 
with an equal distribution o f the Si-Al-Si and Al-Si-Si trimer species. The high-Al 
trimer is present as a minor product in the presence o f each cation, favoured more so 
in the presence o f lithium compared to sodium, the further polymerisation o f which 
is highly favourable, forming the tetramer fragment with Si/Al=l (Si-Al-Si-Al).
Polymerisation from the low-Al trimer species at 298-450K proceeds more 
favourably in the presence o f lithium compared to sodium. When considering the 
route to the tetramer species via the Si-Al-Si trimer (route B, Fig. 5.18), both cations 
favour the consumption o f a silicate monomer forming the low-Al tetramer. In the 
presence of lithium, this silicate preference is more pronounced and one can 
conclude therefore that in the presence o f lithium the distribution of high- and low-Al
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tetramers is weighted more heavily in favour of the low-Al tetramer compared to that 
in the presence of sodium.
/A l  .92
(a) Si T83
(b) Si'
,AI •85
Al Al
Si ^ 8 1
Al Si
(C) s r  S i "  - S i  Si '" S i
Figure 5.18: The most thermodynamically favourable reaction pathways for the formation o f  linear 
aluminosilicate oligomers under high pH conditions at (a) OK, (b) 298K and (c) 450K. The reaction 
pathways are labelled A-C, and the arrows coloured in order o f  most, green and yellow, to least, red, 
thermodynamically favourable. Condensation energies are noted for fragments coordinated to lithium 
(blue) and sodium (purple), in kJmol ' .
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At 450K lithium exhibits an increased preference for the formation o f the Si- 
Al-Si oligomer, route B, whilst sodium remains less selective and favours both routes 
B and C. An equal distribution therefore o f the two low-Al trimers can be expected 
in the presence o f sodium, with Si-Al-Si dominating in the presence of lithium. This 
suggests a more pronounced structure directing effect by lithium compared to 
sodium.
In contrast to trimérisation in the presence of sodium, the contribution to the 
change in energy upon low-Al trimérisation in the presence of lithium is 
predominantly governed by the change in entropy (Table 5.7). The increased 
preference for silicate consumption upon the Al terminated end of the dimer in the 
presence of lithium can be understood by comparing the entropy o f the individual Al- 
Si-Si and Si-Al-Si trimer fragments.
As shown in Table 5.7, the change in entropy upon polymerisation to the 
trimer is less favourable for the Al-Si-Si trimer compared to the Si-Al-Si trimer in 
the presence of lithium, with the enthalpy o f formation o f the two trimers 
comparable, within the estimated 3% margin o f error. Vibrational entropy drives the 
reaction. Comparison of the rotational, Srot, and translational entropy, Strans, at 298K 
for the two low-Al lithium-trimer fragments, are to within 0.4 J/mol.K (Srot 136.36 
J/mol.K (Si-Si-Al) compared to 136.69 J/mol.K (Si-Al-Si), and Strans equal for both at 
177.99 J/mol.K). However, the difference in the vibrational entropy is in excess of 
2.5 J/mol.K (279.78 J/mol.K (Si-Si-Al) compared to 282.17 J/mol.K (Si-Al-Si)).
Trimérisation AH
298K
TAS AH
450K
TAS
-13 -21 -14 -33
NT ^Ai -11 -26 -13 -42
-91 -5 -90 -7
S i '"Si -82 + 1 -81 +3
-88 -14 -8 8 -20
Al ""Si -95 -9 -95 -14
Table 5.7: Polymerisation under high pH conditions: Enthalpy (AH) and entropy (TAS) or reaction 
for the formation o f  doubly deprotonated trimer aluminosilicate species via the condensation o f  a 
singly deprotonated aluminosilicate dimer and corresponding neutral monomeric unit. Values are 
given in kJ mol * for polymerisation in the presence o f  lithium (blue) and sodium (purple).
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(a)
(c)
2^382.323
(d)
3.412
%
682
3.733
(e) (f)
Figure 5.19: Chain trimer aluminosilicate species most likely to be present in high pH solution (a)-
(f). Blue atoms depict lithium, purple depict sodium. Trimer with lA l at the end o f  the chain (a) and 
(b); lA l in the middle o f  the chain (c) and (d); 2A1 in the chain according to Loewenstein’s rule (e) 
and (f). Dashed lines represent hydrogen bonding. Intramolecular distances are given in Â. A key for 
the fragments is given in the Key to Figures and Tables, p. 19.
2 0 0
Tetramerisation 
Reactants Products
A |-^ ^ A l
S i ^ S i
^ S L  
A r ^ S i
298K 
AH TAS
119
■107
-12
+ 1
-42
-36
-28
-26
-66
-41
-25
-21
-68
-28
16
1 1
-56
-48
19
15
450K 
AH TAS
118
105
-16
+4
-42
-37
-42
-41
-67
-42
-39
-34
-69
-28
-26
-17
-57
-49
-30
-23
Table 5.8: Polymerisation under high pH conditions: Enthalpy (AH) and entropy (TAS) or reaction 
for the formation o f  doubly deprotonated tetramer aluminosilicate species via the condensation o f  a 
singly deprotonated aluminosilicate trimer and corresponding neutral monomeric unit. Values are 
given in kJ mol ' for polymerisation in the presence o f  lithium (blue) and sodium (purple).
At all temperatures, polymerisation o f the Al-Si-Si trimer (Fig. 5.18, route C) 
favours condensation at the Si-terminated end in the presence of sodium, but the Al- 
terminated end in the presence o f lithium. The cation coordination sphere within the 
Al-Si-Si trimer in the presence o f sodium has significantly longer cation- 
deprotonated oxygen (Odep) distances compared to the lithium trimer (Fig. 5.19). We 
can postulate that the barrier to releasing these nucleophiles for condensation is 
higher in the presence o f lithium where the Odep are more closely bound to the cation. 
With the Odep species residing upon the silicate T atoms, condensation at the 
aluminium-terminated end o f the trimer involving the hydroxyl-oxygen atoms, which 
are less closely bound to the lithium cation, is preferred.
At high pH, the distribution o f tetramer units is such that in the presence of 
both sodium and lithium the dominant tetramer species are those with low-Al 
content, with the Si-Al-Si-Si fragment being preferred in the presence of lithium and 
sodium, although in the latter the Al-Si-Si-Si fragment has an almost equal 
population.
So far we have only considered the distribution of polymeric oligomers in 
solution. We now consider how, under certain conditions, ring formation is favoured 
over polymerisation and thus plays a role in affecting the distribution o f linear 
oligomers in solution.
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5.2.1.4. Ring Closure
5.2.1.4.1. The 3-membered ring
The 3-membered rings (3MRs) are the least common small ring found within 
zeolite frameworks, but they are thought to be a significant contribution to the 
solution nucléation species[14, 31]. The formation o f 3MRs are therefore of interest 
as they may exist as a long-term transition state between chain and larger ring 
oligomers.
The two possible routes to the 3MR are: the double condensation o f a dimer 
and monomer fragment to form the closed ring, and the closure o f a 3-membered 
chain oligomer (Fig. 5.20). Whereas the thermodynamically most favourable route to 
the 3MR appears to be via the double condensation o f the dimer and monomer 
species, the change in entropy is less favourable compared to the closure o f the 
trimer chain. One-step ring closure involves an increase in the number o f fragments 
in solution whereas double condensation o f two smaller fragments, the monomer and 
dimer, leads to a fall in the total number o f fragments in solution, resulting in a less 
favourable change in entropy.
The influence o f increasing temperature and pH, conditions that one would 
observe during typical zeolite syntheses, have opposing effects on the energetics of 
ring formation via closure o f trimer chain oligomers (Table 5.9). The formation of 
the 3MR is increasingly favourable as temperature rises, a consequence o f the 
increase in the entropie contribution to the Gibbs free energy, TAS, whilst an 
increase in pH is predicted to disfavour ring closure. One possible explanation is the 
increasing intramolecular repulsions between the deprotonated hydroxyl groups at 
higher pH, inhibiting ring closure because the deprotonated hydroxyl groups are 
brought into closer contact. Overall, the formation o f the 3MR is favourable at 298K 
and 450K at neutral to high pH. This poses an intriguing question: If the 3MRs are 
formed so readily, what is their fate? In the next subsection we consider the 3MR as 
a reactant for tetramer internal condensation to the 4MR, especially as the 3MR is 
favoured over chain growth under neutral and alkaline pH at 450K.
20 1
Si
Al
Si Si
+ M
RC-1AI,
Al
.Al
Si
Si
Si
+ M
Al
Si Al
RC-2AI
-Si-
Al' 'Al
Figure 5.20: Routes to the formation o f  the 3MR; double condensation o f  the aluminosilicate dimer 
(D) and a silicate (M, yellow text) or aluminate (M, dark purple text) monomer; and ring closure (RC) 
o f  the low-Al (1 A la=Si-A l-Si trimer and lA ly= A l-S i-S i trimer chain) and high-A l trimer (2A1=A1-Si- 
A1 trimer) chains. Condensation energies for these reactions are given in the following Table 5.9.
Reactions
AEo
Neutral ; 
^G298K ^G450k AEo
Alkaline
AG2 9 8 K
pH
^G450K AEo
High p
AG2 9 8 K
H
^G45ok
D + M (Si)
-6
-8
-50 (+39) 
-51 (+39)
-70 (+59) 
-71(+58)
-20
-21
-48 (+28) 
-52 (+27)
-62 (+41) 
-65 (+39)
-55
-57
-84 (+26) 
-94 (+33)
-97 (+38) 
-110 (+49)
D + M (A l)
+7
-6
-31 (+36) 
-37 (+27)
-49 (+55) 
-50 (+40)
+ 10 
+ 12
-13 (+28) 
-16 (+25)
-27 (+42) 
-28 (+36)
+32
+59
+9 (+24) 
+ 29(+ 28)
-3 (+36) 
+ 15(+ 41)
R C -1 A la
+ 17 
+25
-37 (+46) 
-31 (+49)
-60 (+70) 
-55 (+73)
+9
+7
-28 (+33) 
-33 (+39)
-44 (+48) 
-53 (+57)
+37
+26
+ 2(+ 32)  
-10 (+32)
-14 (+45) 
-26 (+46)
R C -1 A lb
+6
+11
-47 (+47) 
-45 (+50)
-71 (+70) 
-71 (+75)
+23
+19
-18 (+36) 
-22 (+42)
-36 (+53) 
-44 (+63)
+35
+39
-9 (+40) 
-7 (+42)
-29 (+58) 
-29 (+62)
R C -2 A I
+43
+32
-7 (+46) 
-11 (+37)
-30 (+69) 
-29 (+54)
+44
+35
-5 (+44) 
-6 (+37)
-27 (+64) 
-24 (+54)
+49
+77
+1 (+45) 
+ 14 (+54)
-22 (+69) 
-14 (+83)
Table 5.9: Formation energies and entropies (Numbers in brackets are the TAS o f  reaction) o f  the 
3MR; double condensation o f  the aluminosilicate dimer (D) with the appropriate monomer (Si or Al); 
and internal condensation (ring closure=RC) o f  trimer chains (1 A la=Si-A l-Si trimer, lA ly= A l-S i-S i 
trimer and 2A1=A1-Si-Al trimer chain) under charge neutral, alkaline (singly charged) and high pH 
(doubly charged) conditions. Each value is given in kJmof' for ring formation in the presence o f  
lithium (blue) and sodium (purple).
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Under neutral pH conditions, the formation o f the 3MRs is equally favourable 
in the presence of both sodium and lithium. The formation o f the low-Al 3MR is 
predicted to be favoured over polymerisation to the tetramer at 298K and 450K. 
Recalling the preference o f high-Al trimer oligomers under neutral pH conditions, 
the favoured formation o f the low-Al 3 MR over the linear tetramer further reduces 
the distribution of low-Al tetramers in solution and introduces the dominance o f the 
3 MR as the low-Al trim eric product. We also observe a reduction in the distribution 
of the high-Al tetramer, as the high-Al 3 MR is the favoured product from the high-Al 
linear trimer at 450K, not as one would expect as it violates Loewenstein’s rule[32]. 
Preference for 3MR formation over polymerisation is also observed at alkaline pH at 
450K for the low-Al trimer. The high temperatures are associated with the 
magnification of the favourable change in entropy upon ring formation compared to 
polymerisation. The preference for 3MR formation over polymerisation is also 
observed for silicates by Mora Fonz et a/. [16, 17], although rings form far more 
easily in aluminosilicate solutions compared to closure o f the silicate trimer; 
AG(silicate)= -21 to -61 kJmol’^[17], compared to AG(aluminosilicate)= -22 to -71 
kJm of' (Table. 5.13), in solution phase at 450K, dependent on pH.
However, when comparing the formation of low- and high-Al aluminosilicate 
3MRs a contradiction appears, such that, in accordance to Loewenstein’s rule and 
Dempsey’s rule, the formation o f low-Al 3MRs are easier than the high-Al 
counterpart. Indeed, in contrast to neutral pH, the preceding high-Al polymerisation 
to the Al-Si-Al trimer is unfavourable compared to the low-Al equivalents at alkaline 
and high pH. Thus, the subsequent formation o f the high-Al 3MR is generally not 
preferred and is present as only a very minor product of solution oligomerisation. In 
effect therefore, increased aluminium content, when aluminium is already present, 
acts to inhibit 3 MR formation, whereas introduction of aluminium to a purely 
siliceous system acts to favour 3MR formation.
Also at higher pH, a difference between the cations emerges, with the high-Al 
3MR formed more easily in the presence of lithium, and the low-Al in the presence 
of sodium. Referring back to previous discussions o f the electronegativity of lithium 
compared to sodium, this can be attributed to the greater affinity for charge o f the 
lithium cation, which stabilises the Al-O-Al linkage within the high-Al 3MR by 
accepting some of the charge.
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The distribution o f oligomers under high pH conditions therefore differs in 
the presence of each cation at alkaline and high pH. Although 3MR formation is not 
always the favoured product o f the trimer chain, the exergonic formation energies at 
298K and 450K offer the 3MR as an alternative route, competing with the internal 
condensation o f the tetramer chain, to the 4MR.
5.2.1.4.2. The 4-membered ring
The formation o f the 4-membered ring (4MR) is predicted to be formed more 
readily is the presence o f lithium than sodium. We also predict an alternative route to 
the 4MR via the ring opening and closing o f the 3 MR, a pathway that has been 
previously reported as favourable at alkaline pH in silicate chemistry[17]. The most 
surprising finding is the general preference for the formation o f the low-Al 4MR 
oligomers over the high-Al equivalents (Table 5.10), contrary to what one may 
expect in the solution phase o f zeolite growth media for reagents with Si/Al=l.
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Reactants
Si----- S
Al----- S
AEo
>i
>i
AG4 5 0 K Reactants
Al----- Si
Si----- Al
AEo ^G298K AG4 5 0 K
Neutral
X '
-12
-28
-52 (+35) 
-50 (+16)
-69 (+52) 
-58 (+21)
-13
-22
-49 (+31) 
-42 (+11)
-64 (+45) 
-47 (+13)
« - “ - s . " ' '
+ 13 
+2
-53 (+58) 
-54 (+50)
-83 (+89) 
-80 (+76)
+21 
+ 12
-30 (+44) 
-26 (+27)
-52 (+65) 
-39 (+36)
+30
+20
-39 (+60) 
-36 (+44)
-70 (+92) 
-58 (+65)
Al
/ \  
Si-----Al
-60
-56
-37 (-19) 
-31 (-29)
-27 (-30) 
-16 (-47)
Al
/ \ .  
Si-----Si
-11
-25
-6 (-4) 
-3 (-22)
-4 (-6) 
+8 (-36)
Al
/ \ .  
Si-----Si
-47
-55
-18 (-22) 
-16 (-40)
-6 (-34) 
+5 (-65)
Alkaline
-58
-57
-80 (+21) 
-81 (+19)
-90 (+31) 
-90 (+25) S i " "
-15
-24
-47 (+28) 
-42 (+16)
-61 (+41) 
-50 (+22)
+7
+13
-43 (+45) 
-38 (+45)
-66 (+67) 
-61 (+66) S i " " - " . " "
+28
+14
-24 (+43) 
-18 (+32)
-46 (+62) 
-34 (+46)
+ 12 
+20
-35 (+43) 
-22 (+38)
-57 (+65) 
-41 (+55)
Al
/ \  
Si-----Al
-65
-76
-53 (-13) 
-52 (-21)
-46 (-21) 
-41 (-34)
Al
/ \ .  
Si-----Si
-44
-42
-36 (-6) 
-33 (-8)
-33 (-9) 
-29 (-13)
Al
/ \ .  
Si-----Si
-35
-44
-18 (-14) 
-16 (-23)
-11 (-21) 
-4 (-37)
Hlgh pH
s r "
-102
-93
-125(+17) 
-127 (+30)
-133 (+23) 
-142 (+45) S i " "
-67
-53
-91 (+21) 
-79 (+24)
-101 (+30) 
-91 (+34)
+40
+48
-18 (+50) 
-11 (+54)
-43 (+75) 
-39 (+82) S i " " - S i " "
+32
+25
-11 (+40) 
-12(+36)
-30 (+58) 
-30 (+52)
+51
+28
-3 (+47) 
-28 (+50)
-27 (+70) 
-54 (+76)
Al
/ \  
Si-----Al
-139
-154
-119 (-17) 
-134 (-17)
-110 (-27) 
-125 (-26)
Al
/ \ .  
Si— Si
-52
-41
-46 (-9) 
-38 (-3)
-41 (-14) 
-36 (-3)
Al
/ \ .  
Si---- Si
-52
-37
-26 (-19) 
-11 (-22)
-16 (-29) 
+0 (-34)
Table 5.10: Formation energies and entropies (Numbers in brackets are the TAS o f  reaction) (kJmol ') 
o f 4-membered ring (4MR) fragments from condensation o f  dimer (D) with appropriate monomer (M) 
fragments, internal condensation o f  tetramer chains, and ring opening and closing o f  the 3MR, under 
neutral, alkaline (singly charged) and high pH (doubly charged) conditions. Each value is given in 
kJmof* for ring formation in the presence o f  lithium (blue) and sodium (purple).
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The change in entropy upon cyclisation o f linear tetramer oligomers to form 
the 4MR is very favourable and appears to be the driving force for cyclisation. The 
main contributor to this favourable entropy change is the formation o f two solution 
species from the internal condensation o f a single fragment, increasing the entropy of 
the system. An example is the cyclisation o f the high-Al tetramer under alkaline 
conditions in which the change in entropy o f the individual tetramer fragments upon 
cyclisation is unfavourable (-50 and -68 J/mol.K for Li, and -84 and -104 J/mol.K for 
Na, at 298K and 450K, respectively), the ring being lower in entropy than the 
tetramer chain. The difference in entropy between the chain and ring is more 
pronounced in the presence o f sodium, the corresponding tetramer chain possessing 
greater vibrational entropy (441.0 J/mol.K(Na) compared with 388.3 J/mol.K(Li) at 
298K) with the difference in the 4MRs significantly smaller (357.3 J/mol.K(Na) 
compared with 341.4 J/mol.K(Li) at 298K). This can be attributed to the close Li-O 
coordination compared to that for sodium, where the Na-O distances are longer and 
the interactions weaker, observed for all sodium coordinated oligomers. So, although 
the lithium tetramer is already quite rigid pre-ring-closure, the sodium tetramer is 
not, and the closure o f the ring imposes a greater increase in oligomer rigidity. As 
temperature increases from 298K-450K, selectivity to ring formation increases in 
favour o f lithium, with that at OK for neutral and alkaline pH mostly favoured in the 
presence o f sodium, highlighting the role o f entropy in the cation selectivity o f ring 
formation.
At higher pH, the closer Li-Odep interactions act to inhibit ring closure. The 
instances in which this occurs are in the formation o f the low-Al 4MR via ring 
closure o f the low-Al Si-Al-Si-Si tetramer chain, and the formation o f the high-Al 
4MR from the smaller high-Al 3 MR, discussed below.
At high pH, ring formation via internal condensation of the Si-terminated 
low-Al tetramer (Si-Al-Si-Si) is easier in the presence o f sodium than lithium. The 
coordination o f the lithium and sodium cations in the low-Al 4MRs are identical, 
however, similar to the high-pH trimer species (Fig. 5.19) discussed earlier, their 
coordination in the Si-Al-Si-Si tetramer differs significantly (Fig. 5.21). Sodium 
coordinates to only one o f the two Odep atoms, whilst lithium coordinates to both 
Odep. We postulate that ring closure is less favourable in the presence o f lithium 
because of the coordination o f the lithium cation to the Odep required for internal
2 0 6
condensation of the tetramer, the Odep being located at the end of the chain. The 
barrier to releasing the Odep nucleophile for internal condensation is consequently 
higher in the presence of lithium because it is more closely bound to the 
electronegative lithium cation, compared to the weaker hydrogen bonds of the 
terminating Odep of the sodium-tetramer, giving rise to a less favourable energy of 
formation.
a(ii)
CM
b(i)
2.418
A /  
V
b(ii)
Figure 5.21; Low-Al tetramer chain (a(i) and b(i)) and 4MR oligomer at high pH (a(ii) and b(ii)). 
Coloured and grey dashed lines depict cation coordination and hydrogen bonding, respectively. 
Distances are given in Â. Colour coding o f  the fragments is given in the Key to Figures and Tables, 
p .l9 .
We predict that the ring closure o f the low-Al Si-Al-Si-Si tetramer at high pH 
proceed via a number o f transition states, a mechanism similar to that proposed for 
silicates by Trinh et a/. [23] (Fig. 5.22). The transition states may include a 5- 
coordinate chain terminating silicon atom in which the Odep forms a ring like 
structure as a chelating ligand to the silicon. The expulsion of water, followed by
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hydrogen transfer, in the sodium case, to the neighbouring silicon atom gives a 
doubly deprotonated 4MR as the product, with the two deprotonated hydroxyl groups 
in a cis arrangement on neighbouring silicon T atoms (Fig. 5.22).
Low-A tetramer chain
Hydrogen transfer .
Low-Al 4MR
Figure 5.22: Proposed cyclisation mechanism for the low-Al tetramer chain forming the low-Al 4MR  
via a number o f  suggested transition state (TS) geometries (steps 1-4). The sodium (purple spheres) 
oligomer has been shown here only as an example. In the presence o f  lithium (blue spheres) the ring 
closing oxygen originates from the alternative terminating Si and no hydrogen transfer occurs. Purple 
and grey dashed lines depict cation coordination and hydrogen bonding, respectively. A key to the 
colour coding o f  the fragments is given in the Key to Figures and Tables, p. 19.
The formation o f the high-Al 4MR via ring opening and closing of the 3MR 
at high pH is also more exothermic in the presence of sodium, attributable to the 
stabilising of the negative charges o f the two deprotonated hydroxyls within the 
4MR. The geometry of the high-Al 3MR at high pH in the presence of lithium and 
sodium appear to be near identical, with the Li and Na cations displaying the same 
coordination sphere (Fig. 5.23). The two cations within each 3MR fragment 
coordinate to 3 oxygen atoms each; (a) Lil and Nal cations coordinate to the two 
Odep atoms and one Of (framework oxygen) and (b) the Li2 and Na2 cations 
coordinate to two O qh (protonated hydroxyl oxygen) and one Of atom. The
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coordination spheres of the cations in close proximity to the Odep atoms (Lil and 
N al) in the high pH high-Al 4MR, however, differ significantly (Fig. 5.23).
Lil
O)
c\j
Li1
04
3.510"1.885
'0203
LI2-01 =2.118 
112-02 = 2.146 
112-03 = 2.127
a(i) a(ii) Ü2-04 = 2.171
Nal
2.371 Na2
b(ii)
Na2-01 = 2.738 
Na2-02 = 2.347 
Na2-03 = 2.698 
Na2-04 = 2.356
Figure 5.23: High-Al 3MR (a(i) and b(i)) and 4MR (a(ii) and b(ii)) at high pH. Purple and blue 
spheres represent Na^ and Li ,^ respectively. Coloured and grey dashed lines depict cation coordination 
and hydrogen bonding, respectively. Intramolecular distances are given in Â. A key to the colour 
coding o f  the fragments is given in the Key to Figures and Tables, p. 19.
The lithium cation (L il) within the high-Al 4MR coordinate to only one of 
the two Odep atoms, being a significantly shorter distance from the other ( 3 .5 10Â ). In 
contrast, the sodium, N a l, coordinates to not only both Odep species but also to an 
OoH. This can be attributed to the strength of attraction between the Li-Odep. The 
close coordination to one Odep (Li-Odep=1.885Â) means that it is some distance away 
from the Odep of the other Si atom within the ring, unavoidable considering the size 
and shape of the structure o f the 4MR. In contrast, the more diffuse and less 
electronegative sodium cation lies in a more central position between the two Odep
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atoms and even to another oxygen ( O q h )  within the 4 M R  and consequently has a 
more stabilising effect. The fragment is stabilised further by hydrogen bonding of 
both Odep with the hydroxyl hydrogen on the neighbouring T atom around the ring 
(Fig. 5.23).
Generally, at 298K and 450K ring formation is preferred in the presence of 
lithium compared to sodium, with the difference in the condensation energies o f ring 
closure between the lithium and sodium coordinated fragments reduced to almost 
zero with increasing pH, also true for the formation o f the low-Al 4MR via double 
condensation o f the dimer fragments. At high pH, this reduction in the selectivity 
actually reverses, with ring formation preferred in the presence o f sodium when 
coordinated to the Si-terminated low-Al tetramer chain (Si-Al-Si-Si), and the high-Al 
3MR, a consequence o f the stronger Li-Odep interactions inhibiting ring closure.
5.2.1.4.2.1. Ring formation versus polvmerisation: Effect o f Si/Al ratio
At high temperatures, 298K and 450K, the formation o f the 4MR oligomers 
via double condensation o f two dimers is predicted as more favourable than linear 
polymerisation, with the formation o f the low-Al 4MR preferred over the high-Al 
4MR in the presence o f both cations. The preference of the low-Al 4MR increases 
with increasing pH, particularly in the presence o f sodium.
At most, the low-Al 4MR is favoured over the high-Al 4MR by 34 and 50 
kJmol'^ in the presence o f Li and Na respectively. This is however dependent on an 
excess o f silicate and aluminosilicate dimer fragments available in solution. One can 
argue that under solution reaction conditions in which the Si/Al ratio is unity, and 
thus equal distribution o f Si and Al monomeric units, it is dependent on the 
formation energetics o f the silicate dimer compared to the aluminosilicate dimer 
(Table 5.11).
Comparing the dimérisation energy o f silicates[16] with that o f the 
aluminosilicate dimer (Table 5.11), aluminosilicate dimérisation is preferred over 
silicate dimérisation at lower pH, with silicate dimérisation the preferred reaction at 
high pH. This implies that at high pH, in the presence o f both cations, the preferred 
products are low-Al chains and rings, with the distribution biased towards low-Al 
products at high pH. At lower pH, the unfavourable formation o f the silicate dimer
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in contrast to the favourable formation of the aluminosilicate dimer suggests that, 
although low-Al ring formation is favourable, it may be inhibited by the reduced 
presence of the silicate dimer in solution. We can therefore predict a shift in the 
equilibrium to the high-Al 4MR in light of the greater proportion o f aluminosilicate 
dimers in solution. However, thermodynamic energetics may not be sufficient to 
conclude which fragments may be present in solution; the energy barriers to the 
formation of these fragments must also be considered. This is explored further within 
the discussion section o f this chapter.
Reactants
M + M
M + M
M"' + M
298 K
Si
-2
-33
-60
Li
-19
-33
-32
Na
-26
-22
-15
450K
Si
+0
-28
-53
Li
-12
-26
-26
Na
-19
-15
-6
Table 5.11: Calculated solution phase condensation energies (kJmol *) for the formation o f  the silicate 
(Si) (values in black) and aluminosilicate dimer in the presence o f  lithium (Li) (values in blue) and 
sodium (Na) (values in purple). Silicate dimérisation energies at 298K and 450K are taken from 
personal communication and work by Mora-Fonz et a l . [ \ l ,  33] respectively.
5.2.1.4.2.1.1. 4-ring formation via dimer double condensation
The formation of the 4MR via simultaneous condensation o f two dimer 
fragment is a process with low probability, relying on the correct orientation o f the 
dimer fragments for such a double condensation reaction to take place. A mechanism 
by which this may proceed for high-Al synthesis is presented below (Fig. 5.24).
Considering the greater kinetic energy and configurational entropy o f the 
fragments at the high temperatures o f synthesis, the probability of the dimer units 
being in the correct orientation with respect to each other under synthesis conditions 
is arguably low. It is indeed far more probable that a high-Al linear tetramer species 
is formed via a single condensation reaction. A possible mechanism may exist in 
which the formation of the 4MR proceeds via a transition state in which the cations 
act to coordinate the two dimer fragments into a close contact geometry. The 
resulting proximity of the two dimers and the coordination of the cations to the 
terminating hydroxyl groups (accepting charge from the oxygen atoms of the
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hydroxyls, thus weakening the 0-H  bond) facilitate the simultaneous double 
condensation (Fig. 5.24) and stabilise the transition state complex. Condensation may 
then proceed via a 5 coordinate Si, as proposed for silicate condensation by Trinh et 
a/. [23], and/or increased coordination of the Al, which is more amenable to 
expanding its coordination shell compared to Si.
(a)
Dimers in an appropriate orientation
(b) Cations coordinate to both dimers, 
facilitating ring closure
(c)
Aluminosilicate 4-ring
Figure 5.24: Proposed mechanism for 4MR formation via double condensation o f  dimer. Black 
spheres represent cations. A key to the colour coding o f  the fragments is given in the Key to Figures 
and Tables, p. 19.
Formation of the high- and low-Al 4MR via double condensation of the 
dimer fragments appears to be more favourable in the presence of lithium rather than 
sodium. This can be attributed to the higher electronegativity o f lithium, and as
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mentioned in earlier subsections, the corresponding close interaction with the 
hydroxyl groups. The lithium cation facilitates ring formation by attracting charge 
from an approaching dimer fragment, giving rise to induced dipole and increased 
attractive interactions compared to the less electronegative sodium cation.
An interesting, but peculiar observation in that, although the change in 
entropy upon ring formation (ASr) is greater in the presence o f lithium compared to 
sodium at neutral pH, this margin is significantly reduced with increasing pH by the 
fall in ASr in presence o f lithium, with an increase in ASr for sodium (Table 5.10). 
The margin is reduced such that at high pH the most favourable change in entropy is 
in the presence o f sodium, and not lithium. We can attempt to understand this by 
considering the change in entropy of the dimer and 4MR units with increasing pH, 
individually.
The entropy o f the individual dimer fragments fall with increasing pH 
(neutral to high pH), by 6.44 J/mol.K (Li) and 31.59 J/mol.K (Na) at 298K, and 
14.98 J/mol.K (Li) and 41.67 J/mol.K (Na) at 450K. The entropy o f the individual 
low-Al 4MRs reduce also in the presence o f lithium, by 65.65 J/mol.K (298K) and 
78.70 J/mol.K (45OK), but increases in the presence o f sodium, by 12.80 J/mol.K 
(298K) and 10.63 J/mol.K (45OK). The same pattern is observed for the high-Al 
4MR, with the fragment entropy in the presence o f lithium falling by 40.46 J/mol.K 
(298K) and 49.79 J/mol.K (450K), and that in the presence of sodium increasing by 
9.67 J/mol.K (298K) and 5.69 J/mol.K (45OK). The greater reduction in the fragment 
entropies o f the lithium-4MRs compared to that o f the lithium-dimer with increasing 
pH give rise to a decreasing change in entropy upon ring formation. The small 
increase in the entropy o f the sodium-4MRs compared to the relatively large 
decrease in the entropy o f the sodium-dimer with increasing pH result in an increase 
in the change in entropy upon ring formation. We therefore predict that the dictating 
contributor o f the falling entropy upon ring formation in the presence o f lithium, and 
the converse in the presence o f sodium, is due to the decreasing entropy o f the 
lithium-4MRs and the sodium-dimer, respectively. The fall in entropy with 
increasing pH can be attributed to the closer Li-O interactions upon increased charge 
on the 4MR fragments, and stronger Na-O interactions and increased hydrogen 
bonding upon deprotonation o f the dimer fragment, giving rise to more rigid 
configurations.
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The increase in the change in entropy upon ring formation in the presence o f 
sodium, and decrease in the presence o f lithium at high pH contributes to the 
formation energy of the low-Al sodium-4MR to be more exergonic than the low-Al 
lithium-4MR. This preference, however, can be argued to be within the 3% margin 
o f error we have estimated for the condensation reactions. This can also be said for 
the preference for the high-Al 4MR in the presence o f lithium over sodium. We 
therefore predict that dimer species undergo simultaneous condensation at both ends 
o f the chain to form the low-Al and high-Al 4MR with relatively equal ease in the 
presence of sodium and lithium under high pH conditions. This is in agreement with 
experiment, which suggests that the Si/Al ratio o f the crystal is typically that o f the 
gel, the Si/Al o f the solution species and crystal therefore dependent on the Si/Al 
ratio o f the initial reaction mixture[34].
5.2.2. Deprotonation of oligomer fragments
So far we have considered oligomerisation at increasing pH and temperature, 
from small monomeric units to larger chain and ring oligomers. Oligomers may 
however also form from deprotonation o f already formed lower-pH counterparts. For 
example, the doubly deprotonated 4MR may form from the deprotonation o f the 
singly deprotonated 4MR as well as oligomerisation o f smaller high-pH linear 
oligomers. We must therefore consider the deprotonation energies o f the fragments 
in order to propose the most favourable fragments under different conditions from 
which we predict oligomer distributions.
O f the monomeric units, the deprotonation of the aluminate monomer is a 
very endothermie process. This observation transfers to the larger oligomers, such 
that deprotonation o f aluminosilicate oligomers is preferable from a hydroxyl bound 
to the silicate component, with deprotonation less favourable with increasing 
aluminium content. Cation coordination to the aluminate within the aluminosilicate 
can however act to weaken some Al-O-H bonds making them more labile to 
deprotonation, and under these conditions deprotonation is more favourable over 
deprotonation at the silicate. The only example in which further deprotonation o f the 
already singly deprotonated silicate component is less favourable than the
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deprotonation of the chain terminating aluminate components coordinated to the
ment cations is the high-Al trimer
Product
[lSi2Al].
AEo AG298K AG450K
Monomer [Si]'' -63 -49 -60 -49 -61 -51
Monomer [Al]'' +62 +82 +68 +87 +68 +88
Dimer [1 Si lA l] ' -26 -15 -31 -14 -34 -16
Dimer [1 Si lAl]'^ +41 +45 +44 +50 +42 +51
Trimer [2 S ilA l] ' -56 -35 -58 -37 -61 -37
Trimer [2SilAl]'^ -6 -12 +0 -7 +0 -9
Trimer [ 1 Si 1 A ll Si] ' -32 -9 -38 -11 -42 -13
Trimer [1 Si l A l l S i f -22 -11 -21 -15 -23 -21
Trimer [lS i2A l] ' -24 +0 -16 +2 -16 + 1
Trimer [lSi2Al]'^ +59 +51 +61 +75 +62 +84
Tetramer [3S ilA l] ' -67 -55 -69 -60 -73 -66
Tetramer [3SilAl]'^ -35 -26 -26 -23 -24 -23
Tetramer [2S il A llS i] ' -54 -45 -63 -58 -68 -65
Tetramer [2S il A llSi]'^ -42 +1 -34 +10 -32 +12
Tetramer [2Si2Al] ' -35 -18 -35 -21 -37 -23
Tetramer [2Si2Al]'^ -14 +4 -13 +7 -13 +6
[3MR-1A1]'' -40 -27 -29 -14 -26 -10
[3MR-1A1]'" +6 +8 +9 +8 +7 +5
[3M R-2A1]' -22 +4 -14 +7 -13 +6
[3MR-2A1]'" +63 +92 +67 +95 +66 +94
[4M R-1A1]' -72 -45 -59 -44 -55 -47
[4MR-1A1]'^ -2 +9 -1 +4 -1 -2
[4 M R -lA lf + 18 + 18 +22 +33 +20 +37
[4MR-1A1]'" +59 +68 +63 +69 +62 +68
[4M R-2A1]' -28 -16 -29 -14 -31 -19
[4MR-2A1]'^ -10 + 15 +0 + 13 +2 +10
[4MR-2A1]-’ +50 +46 +51 +52 +50 f54
[4MR-2A1]'" +61 +78 +65 +81 +64 +80
Table 5.12: Deprotonation energies (kJmor*) o f  the aluminosilicate fragments, and silicate-cation 
monomer, in the presence o f  lithium (blue text) and sodium (purple text).
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When comparing the deprotonation o f aluminosilicate oligomers in the 
presence o f Li and Na, with regards to which proton is preferably abstracted, 
deprotonation appears to occur at the same hydroxyl group, regardless of which 
cation is present. The reason for this seems to be that the cations generally prefer to 
lie in the same positions around each fragment, differing only in the cation-oxygen 
distances of the cation coordination sphere. Proton abstraction is however easier in 
the presence o f Li, as discussed previously. This may be due to electronegative 
nature, and greater affinity for charge of lithium compared to sodium. Lithium 
accepts more charge away from OH bond, lengthening and weakening the covalent 
bond to a greater extent, and hence making deprotonation easier compared to 
sodium. A single exception exists in the case o f the deprotonation o f the alkaline 
low-Al trimer [2S ilA l]'\ The deprotonation o f the sodium [2SilA l]‘  ^ trimer occurs 
at the central silicate component at which the hydroxyl group is involved in two 
hydrogen bonds, one each at the O and H, weakening the O-H bond (1.007 Â 
compared to 0.986 Â o f non-hydrogen-bonded hydroxyl groups within the oligomer). 
The deprotonation o f the lithium [2SilAl] * trimer also takes place at the central 
silicate component, but in this instance the hydroxyl participates in only one 
hydrogen bond within the oligomer, and thus the O-H bond is weakened to a lesser 
extent (0.992 Â compared to 0.987 Â o f non-H-bonded hydroxyl groups within 
oligomer) than in the sodium [2SilAl]'* trimer. Consequently the deprotonation of 
the sodium [2Sil Al]'^ trimer is thermodynamically more favourable than that o f the 
lithium [2SilA l]’' trimer.
In accordance with similar work published regarding silicate 
deprotonation[17], whereas initial deprotonation o f aluminosilicate fragments are 
generally favourable in the presence o f each cation, further deprotonation is 
unfavourable. Deprotonation beyond two protons was sampled only for the 4MR 
oligomers, in which further deprotonation was increasingly unfavourable. Silicate 
deprotonation was reported to become more favourable with increasing chain length, 
the deprotonation o f the aluminosilicate oligomers were also observed to become 
more favourable with increasing chain length, but less with ring closure, and with 
increasing Al content (Table 5.12). Suggestions to why this may be are dealt with in 
the following subsection, comparing and contrasting the trends observed for
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oligomerisation and deprotonation o f the aluminosilicate oligomers modelled within 
this study and analogous silicate species.
5.3. Aluminosilicate versus silicate oligomerisation
There have been a number of computational studies published o f model 
structures involved in the nucléation stages o f silicate crystallisation. Quantum 
mechanical studies o f silicate species performed by Pereira et a/. [35, 36] concluded 
that the formation o f linear species are favoured over cyclic oligomers, a conclusion 
that is not conducive to the formation o f zeolitic structures, instead favouring the 
formation of amorphous silicates. These studies however were performed using local 
DFT methods and considered only neutral species.
In order to compare and contrast aluminosilicate with silicate 
oligomerisation, and gain further insight into the possible polymerisation processes 
and solution oligomer distributions, the work presented here must be compared with 
equivalent silicate calculations. Analogous silicate simulations by Mora Fonz et 
a/. [16-18] allow such a direct comparison, having modelled silicate oligomerisation 
utilising an earlier DMol^ version 2.2 and the default COSMO model for solvation. 
The published energies and conclusions are now directly compared with this work.
Recall that within this study (Chapter 3) the COSMO radii for the O and H of 
the hydroxide ion were fitted to the experimental solvation energy o f the OH 
ion[37]. The energetics for reactions involving the hydroxide ion in this study 
(deprotonation reactions) therefore differ systematically from those reported by Mora 
Fonz et a/. [17] in which the default COSMO radii were used. The difference in the 
deprotonation energy o f a fragment when using the default COSMO radii is -70 
kJm of’ (difference o f the OH fragment energy, calculated within this study), the 
fitted radii giving rise to the more endothermie values. This systematic error is 
highlighted when such comparisons are made.
The key products covered in the following section are the dimer and 3- and 4- 
membered rings. Provis et a /.[38] proposed that dimer formation is the rate 
determining step of cluster formation because it depends on the concentration of 
monomer species in solution and is the first step to larger clusters. The dimer 
fragment serves as a route to the formation o f the 4MR via direct double
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condensation o f two dimers as well as via polymerisation to the larger chain 
oligomers which can then undergo internal condensation to form the ring structures. 
We assess whether aluminosilicate or silicate polymerisation is thermodynamically 
favoured in aluminosilicate solutions, and predict the oligomer distribution present at 
different Si/Al ratio at different pH and temperature. From this we postulate the 
dominant oligomers at each stage in crystal growth, from initial mixing (298K, 
neutral/alkaline) to zeolite synthesis (45OK, high pH).
5.3.3.1. Dimérisation
Siliceous dimérisation is less favourable as temperature increases under 
neutral, alkaline and high pH conditions[16, 17, 33]. Similar trends also present for 
further silicate polymerisation and for the aluminosilicate counterparts. This can be 
attributed to the increasingly unfavourable change in entropy with increasing 
temperature, in which smaller fragments condense to form a single larger fragment 
with the expulsion o f water.
The role o f pH in driving the initial polymerisation process to give small 
oligomers is evident with siliceous dimérisation (and formation o f larger chain 
oligomers) significantly more favourable for charged species[17]. Similar trends are 
also evident in this study where the free energy for the lithium-aluminosilicate 
dimérisation reaction is more exothermic with increasing pH. However, the converse 
in true for sodium-aluminosilicate dimérisation, which is more favourable at low pH, 
attributed to the lower affinity for charge and electronegativity, stabilising the 
charged units to a lesser extent than the lithium cation.
Direct comparison o f dimérisation energetics suggests that aluminosilicate 
dimérisation is significantly more favourable than siliceous dimérisation (Si 
dimérisation -9, -2, +0 kJmol'^ for 0, 298 and 450K (Table 5.11), respectively) under 
neutral conditions. However, under alkaline conditions there is little difference in the 
dimérisation energetics between siliceous (Si dimérisation, -43, -33, -28 kJmol'^ at 0, 
298 and 450K) and aluminosilicate dimérisation formed in the presence o f lithium. 
Whereas siliceous dimérisation is suggested to become increasingly favourable at 
high pH (Si dimérisation, -74, -60, -53 kJm of' at 0, 298 and 450K), aluminosilicate 
dimérisation is comparable to that in alkaline conditions and less favourable than
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siliceous dimérisation. It can be argued, therefore, that in aluminosilicate solution, 
siliceous dimers are more prominent than aluminosilicate dimers at alkaline and high 
pH typical o f zeolite synthesis. Neutral polymerisation, in which aluminosilicate 
dimérisation is favoured, may also play a vital role in the formation o f pre-nucleation 
species during the very initial induction stage o f synthesis (i.e. mixing o f the 
ingredients). The distribution o f fragments at each stage o f zeolite synthesis is 
discussed further in the Conclusions subsection.
5.3.3.2. Further polvmerisation: Trimérisation and Tetramerisation
Aluminosilicate oligomerisation is predicted to be thermodynamically more 
favourable over silicate oligomerisation at neutral to high pH; silicate trimérisation at 
neutral to high pH, with the formation o f charged species at high pH proceeding via 
the condensation o f a neutral monomer with a charged dimer, reported as -18 , -1, +6 
kJmof* (0, 298 and 450K, respectively) at neutral pH, -32, -13 kJmof* (0 and 298K, 
respectively) at alkaline pH and -63, -48 kJmof* (0 and 298K, respectively) at high 
pH; and silicate tetramerisation via the same route reported as -10, +5, +12 kJmol'^ 
(0, 298 and 450K, respectively) at neutral pH, -25, -16 kJmol’  ^ (0 and 298K, 
respectively) at alkaline pH and -46, -33 kJm of' (0 and 298K, respectively) at high 
pH. Monomeric silicate species appear to be consumed by the aluminosilicate 
species to form low-Al oligomers more favourably than the polymerisation o f silicate 
species. This trend is more pronounced when aluminosilicate polymerisation takes 
place in the presence o f lithium compared to that o f sodium. The polarity o f the 
aluminosilicate fragment compared to the charge neutral silicate fragment attracts 
and induces a dipole within siliceous monomers, resulting in a greater intramolecular 
interaction between the aluminosilicate oligomer and the monomeric unit and thus a 
more favourable change in free energy upon polymerisation. Although not the 
overall favoured process in an aluminosilicate solution, the exothermic energy of 
formation o f the linear silicate species implies that purely siliceous linear chain 
polymers may be present as a minor product alongside the more dominant low-Al 
aluminosilicate oligomers under neutral to high pH conditions. Although low-Al 
products are dominant over higher-Al products at high pH, the purely siliceous 
fragments are interestingly less favourable, suggesting that incorporation of the
219
aluminium is indeed preferred. This is in support o f experimental studies by Kinrade 
and Swaddle[31] which report that at relatively high Si/Al ratios (Si/Al>l) the 
aluminate monomer is not observed but is entirely consumed by the incorporation 
into larger silicate fragments, observed at lower Si/Al ratio (Si/Al=l) in the presence 
of excess NaOH. Furthermore, it is widely accepted that in most cases, the Si/Al ratio 
of the solution is reflected in that o f the synthesised crystal[34].
5.3.3.3. Ring cvclisation: The 3MR and 4MR
Cyclisation o f the low-Al trimer species to form the 3MR is 
thermodynamically more favourable than that o f the purely siliceous oligomer under 
neutral to high pH. A similar trend is observed for tetramer cyclisation to form the 
low-Al 4MR. The cations present in the aluminosilicate oligomer act to stabilise the 
fragment and facilitates ring closure. No such stabilising effect is present in the 
siliceous analogue o f Mora Fonz et a/. [17].
The ring opening o f the 3 MR and subsequent reaction with a monomeric unit 
to give the 4MR is a slightly more favourable reaction for siliceous oligomers 
compared to aluminosilicate equivalents (a difference o f +4 and +8 kJmoF^ for Li 
and Na-low-Al 4MR, respectively, at alkaline pH and 45OK). For the low-Al 3MR, it 
is significantly less favourable for ring opening to involve an aluminate monomer 
unit to form the high-Al 4MR (by +22 and +25 kJmoF* for Li and Na, respectively, 
at alkaline pH and 450K), indicating a preference for low-Al 4MR oligomers.
We can conclude that the charge stabilising effect o f the cations act to 
facilitate aluminosilicate ring closure, forming stable ring configurations. Therefore, 
aluminosilicate ring opening is less favourable than for silicates. However, ring 
opening is more favourable when the approaching monomer is a silicate. This may 
be attributed to the relatively repulsive forces between the cation stabilising the ring 
and the cation coordinated to the approaching aluminate monomer. Consequently, 
the formation of the low-Al 4MR is the favoured product from the low-Al 3 MR, 
rather than the formation o f the high-Al 4MR.
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5.3.3.4. Deprotonation
Dimer Si;-----Al,
/ A l  1 1
SI T;----- Si.
Dimer 4MR
Neutral Change upon deprotonation
Sil 1.296(1.259) -0.161 (-0.145)
A12 1.060(1.026) -0.035 (-0.020)
Low-Al 4MR: T^^Si High-Al 4MR: T4=A1
Neutral Change upon 
deprotonation Neutral
Change upon 
deprotonation
Sil 1.238 (1.326) +0.031 (-0.062) 1 .344(1 .330) -0.051 (-0.169)
A12 1.180(1.125) -0.083 (-0.014) 1 .122(1 .043) +0.010 (+0.044)
Si3 1.249(1.265) -0.008 (-0.016) 1.361 (1.338) -0.150 (-0.029)
14 1.270 (1.300) -0.020 (-0.125) 1.174(1 .072) -0.022 (-0.039)
Table 5.13: Mulliken atomic charges residing on the neutral aluminosilicate dimer and low-Al and 
high-Al 4MR T atoms, and the change in charge upon single deprotonation. Values are given for each 
fragment in the presence o f  lithium (blue text) and sodium (purple text), with the values corresponding 
to the I  atom at which deprotonation takes place highlighted by emboldening.
Comparison o f the individual deprotonation energies o f the silicate fragments 
reported by Mora Fonz et «/.[17] with those o f analogous aluminosilicate fragments 
presented within this study (Table 5.12) shows that the latter is significantly less 
favourable (this holds true whilst considering the systematic -TOkJmof* difference 
between the values due to the fitted COSMO radii o f the O and H of the hydroxide 
ion). For example, the deprotonation of the neutral monomer (-64 kJmol’’), dimer, (- 
92 kJmol*’), 4MR (-123 kJm of’)[17], and further deprotonation o f the 4MR forming 
the doubly (-69 kJmol ') and triply deprotonated (-33 kJmoF*) siliceous 4MRs are 
more exothermic than that o f the analogous aluminosilicate species (Table 5.12). We 
speculate that this may be due to the difference in the charge distribution within 
silicate compared to aluminosilicate oligomers. Whilst we expect the charge to be 
smeared around the constituent T atoms of a silicate fragment, the charge is more 
localised within analogous aluminosilicate oligomers (Table 5.13), with more 
negative charge residing on the aluminium T atoms. Charge delocalisation has a 
stabilising effect on a fragment. The charge distribution around the T atoms for the 
neutral and singly deprotonated aluminosilicate dimer and 4MR units are presented 
as examples (Table 5.13) and show that the charge becomes more localised on the 
silicate T atom at which deprotonation takes place. We postulate that the 
comparatively endothermie deprotonation energy of aluminosilicate fragments
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compared to silicate equivalents may be due to the resulting localised charge within 
the aluminosilicate chains and ring T atoms (Table 5.13), making further 
deprotonation even more unfavourable (Table 5.12). However, deprotonation 
becomes more favourable as the oligomer chain grows in both aluminosilicate and 
silicate[17, 39] oligomer simulation, as one might expect from the above discussion.
5.3.3.5. Oligomer distribution within aluminosilicate solutions
The preference for purely siliceous dimérisation over aluminosilicate 
dimérisation at high pH suggests formation of siliceous oligomers will be favoured in 
aluminosilicate solutions. The pre-nucleation stages o f zeolite synthesis, including 
initial mixing of the synthesis ingredients and aging takes place at 298K and at 
relatively low pH. Under such conditions, aluminosilicate dimérisation is favoured 
over the siliceous analogue (until pH reaches alkaline conditions at which point each 
are equally favourable) and may make a greater contribution to the initial distribution 
o f species in solution before a period o f hydrothermal treatment. Under alkaline 
conditions, we can conclude that an equal distribution o f the silicate and 
aluminosilicate dimers may be present, and thus further polymerisation dictates the 
Si/Al ratio o f the larger oligomer fragments. Hence, the final Si/Al ratio can be 
considered as being dictated by the initial dimérisation reaction favoured during the 
aging process.
At alkaline and high pH conditions we can predict that a competition arises 
between the purely siliceous and aluminosilicate dimer for the consumption o f 
silicate monomers for oligomerisation. Chain growth via monomer condensation is 
more favourable for the aluminosilicate dimer, and consequently, in a solution of 
silicate and aluminosilicate dimers the formation o f low-Al oligomers is favoured 
over purely siliceous species. Consider also however that the aluminosilicate dimer 
does not favourably polymerise in only one manner; it can react with a silicate 
monomer to form two low-Al trimer species, and with an aluminate monomer to 
form the high-Al alternative (the favoured product over low-Al at only neutral pH). 
At neutral pH, high-Al oligomers are the dominant aluminosilicate solution species, 
with low-Al species becoming more dominant as pH increases.
2 2 2
However, dimérisation at high pH is inhibited by the significantly 
endothermie energy o f deprotonation of the already singly deprotonate siliceous 
monomer, a factor in both purely siliceous and aluminosilicate dimérisation. This is 
in agreement with the observation that very high pH is not conducive to zeolite 
nucleation[30]. Experimental reports o f the distribution o f anionic species in neutral 
to high pH solutions[11,21] however provide evidence o f the dominance o f doubly 
deprotonated silicate anions at high pH. We can speculate therefore a low barrier to 
the deprotonation o f the singly deprotonated silicate monomer to form the doubly 
deprotonated unit, facilitating dimérisation at high pH.
5.4. Summary and Conclusions
The purpose o f the calculations performed within this chapter was to gain insight 
into the chemistry o f aluminosilicate nucléation and crystallisation and the structure 
directing role o f the lithium and sodium cations. We have proposed the 
thermodynamically favoured routes to polymeric chain and ring aluminosilicate 
solution species (up to 4-membered species) at different Si/Al ratios, temperature and 
pH in the presence o f Li^ and Na^. The key conclusions that can be drawn from the 
results o f this study are as follows:
■ Anion-cation paring is favoured with increasing pH, with the smaller highly 
electronegative lithium cation binding to the charged species more closely than 
the relatively electron diffuse sodium cation. A general observation is that the 
lighter lithium cation does indeed favour additional polymerisation over the 
sodium, as proposed by Kinrade and Pole[40].
■ The ideal pH conditions for the formation o f the monomer-cation complex and 
dimer oligomer differs in the presence of each cation, with the sodium cations 
favouring neutral, and lithium cations favouring higher pH conditions. This is 
attributed to the electronegativity o f the lithium cation which destabilises neutral 
fragments by inducing a charge within the fragment. Conversely, lithium acts to 
stabilise charged species through charge transfer, more so than the sodium cation. 
The lower affinity for charge o f sodium results in a more polar interaction with
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the hydroxyl groups of the neutral fragments and binds more strongly than the 
lithium cation.
■ Chain growth and ring closure is inhibited (in some instances) by the stronger Li- 
O interactions giving rise to more compact oligomer geometries. The energy 
barrier for release o f the oxygen nucleophile required for condensation is greater 
than in the presence o f sodium, which interacts more weakly with oxygen 
nucleophiles.
■ Dimérisation is the rate-limiting step to polymerisation and ring formation as it 
depends on the distribution o f monomeric units in solution; Aluminosilicate 
dimérisation dominates at neutral pH, with silicate dimérisation preferred at high 
pH, encouraging low-Al oligomerisation.
■ At the initial mixing stage o f zeolite synthesis, the temperature, 298K, and low 
pH favour aluminosilicate dimérisation. We postulate therefore that high-Al 
polymerisation may proceed favourably at this stage o f aging, and influence the 
oligomers present at higher temperature and pH by their existence prior to 
heating and rise in pH. Thus, as observed experimentally, aluminium uptake is 
determined primarily by the initial Si/Al ratio.
■ In contrast to silicate polymerisation, reported to be strongly disfavoured beyond 
formation o f the dimer at low pH[17], aluminosilicate polymerisation is 
favourable at both neutral and high pH; high-Al chains are preferred at neutral 
pH and low-Al chains favoured at alkaline and high pH.
■ Cation selectivity in the polymerisation pathway emerges at alkaline pH; Lithium 
cations directing polymerisation to the high-Al tetramer and sodium to the low- 
Al tetramer.
Polymerisation from the low-Al trimer favours the high-Al tetramer in the
presence o f lithium, but the low-Al tetramer in the presence o f sodium. At higher pH,
and 450K, Li exhibits a preference for condensation at the Al end o f the dimer.
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forming the Si-Al-Si trimer whilst sodium is less selective over the low-Al trimers. 
The distribution of the small oligomers is therefore different for each cation, with 
lithium having a more pronounced structure directing effect.
■ Ring formation is driven by the favourable entropie contribution to the free 
energy, increasing with temperature. Both 3 MR and 4MR formation is 
favourable at alkaline and high pH. The thermodynamically most favourable 
route to both ring oligomers was found to be via simultaneous condensation at 
both ends o f the aluminosilicate dimer -  double condensation. However, the 
probability o f this route is arguably low. A mechanism by which double 
condensation proceeds to form the 4MR is proposed as an Sn2 mechanism 
similar to that reported by Trinh et a /.[23] for silicate ring closure.
■ In accordance with Loewenstein’s and Dempsey’s rules, low-Al 3MR formation 
is preferred over the high-Al analogue. The exothermic formation energy o f the 
3 MR at alkaline and high pH offers the 3 MR as an alternative, and competing 
route to the 4MR.
■ The low-Al 4MR is favoured over the high-Al equivalent, the preference 
increasing with pH. The lowest energy route to the 4MR is by the double 
condensation o f two dimer fragments. A mechanism by which this may proceed 
has been proposed in which the coordination o f the cations across the two dimer 
fragments, and possible expansion o f the aluminium or silicon coordination 
sphere, facilities the approach and simultaneous condensation o f the two dimers.
The preference for the low-Al 4MR relative to high-Al 4MR is, at most, 34 and 
50 kJmoT^ in the presence o f lithium and sodium, respectively. We therefore
postulate that a slight majority of low-Al 4MR may be present in the 4MR 
distribution over the high-Al equivalent. As mentioned above, this may be dependent 
on the dimer distribution in solution. Silicate dimérisation dominates at high pH, 
encouraging low-Al 4MR formation. At low pH however, such as at initial mixing, 
aluminosilicate dimérisation dominates and facilitates therefore a greater 
concentration o f the high-Al 4MR.
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■ Cation selectivity for the 4MR at 298K and 450K is observed to be pH 
dependent, a consequence of stronger Li-O interactions at higher pH, inhibiting 
ring closure.
At 298K and 450K, 4MR formation is generally more favoured in the presence o f 
lithium than sodium, but with the difference between the two cations becoming 
negligible with increasing pH. At high pH, the selectivity actually reverses in favour 
o f sodium from the Si-Al-Si-Si tetramer and high-Al 3MR, a consequence o f the 
stronger Li-0 interactions with increasing pH, the corresponding energy barrier to 
the release of the nucleophile for ring formation being higher than that in the 
presence of sodium in which the oxygen nucleophile is interacting only in a 
hydrogen bond and not with the cation itself.
More general observations for the impact o f changing pH and temperature are:
■ A change in the preference from high- to low-Al oligomers is observed to 
accompany an increase in pH, with cation selectivity also becoming more 
pronounced. However, the favoured routes for polymerisation and ring formation 
almost identical for each cation at neutral and alkaline pH.
■ The favoured routes o f polymerisation and ring formation at neutral and alkaline 
pH are unaffected by temperature. A systematic decrease in the reaction 
energetics for polymerisation is observed, with condensation reactions becoming 
less favourable with increasing temperature. In contrast, the formation energy of 
ring structures is observed to become more exothermic at higher temperatures. 
The entropie contribution (TAS) increases with temperature to disfavour the 
order induced by polymerisation, and favour ring formation.
Although polymerisation is undoubtedly a major contributor to solution 
dynamics, the key species here appear to be the dimer and 4MR units. Ring 
formation is found to be favoured over polymerisation from the dimer fragment at 
298K and 450K, with preference for the low-Al 4MR. However, experimental
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reports[14] provide evidence o f increased aluminosilicate polymerisation with 
increased temperature.
As pH increases, the formation o f high-Al products is increasingly unfavourable. 
Silicate dimérisation is more favourable over aluminosilicate dimérisation at high 
pH, supporting further the dominance o f low-Al 4MR in aluminosilicate solution. 
This is in contrast to experimental data (Fig. 5.25), which indicates that a linear 
relationship exists between increasing pH and decreasing Si/Al ratio o f oligomeric 
products within solution. However, aging o f the initial reaction mixture at low 
temperature and pH favours aluminosilicate dimérisation, further oligomerisation as 
the reaction temperature and pH increases during zeolite synthesis proceeds from the 
aluminosilicate dimer, encouraging the formation o f high-Al products.
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Figure 5.25: The Si/Al ratio o f  the products (y axis) ‘in dependency o f  the pH ’ (x axis), in the 
solution phase for different Si/Al ratios in the batch[41].
The pH dependence o f the distribution o f aluminosilicate anions in solution 
reported by Mortloek et a /.[42] is proposed to be dictated by the equilibrium 
equations (2.0) and (2.1) between silicate and aluminosilicate polymerisation. They 
propose that at low pH, the equilibria are shifted in favour o f aluminate consumption 
by small silicate oligomers. This concurs with our thermodynamic energies for 
aluminosilicate oligomer formation, and suggests the equilibria that may be present 
in the aging process.
Aluminate groups also facilitate transition state exploration by the extendable 
coordination sphere o f the Al^^ centre. Aluminate-silicate exchange is also said to be 
some 10  ^-  10  ^ times faster than silicate exchange[31], with 4MR exchange between
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double-4-rings recently reported by Pelster et a/. [43]. One could argue that this may 
be due to (a) the expandable coordination sphere o f the Al^^ and more labile T-O-H 
groups due to the longer T -0  distances with T=A1 compared to T=Si (b) the 
stabilisation o f the intermediate and exchanging units by the coordinated cations 
within aluminosilicate oligomers, such as that proposed earlier within this chapter for 
the simultaneous double condensation o f two dimers to form the 4MR.
Although low-Al products are favoured over high-Al products and hence 
appear to dominate in solution media (with respect to thermodynamics), high-Al 
zeolites are known to form with strict Si/Al ratio o f unity (as synthesised within this 
study. Chapter 4). We postulate therefore that kinetic factors must be at play to drive 
the formation o f these high-Al materials. Some o f the first kinetic studies on the 
growth of zeolite species include work by Zhdanov[44] (zeolite A), Breck and 
Flanigen[45] (zeolite X and Y). Later work by Kacirek and Lechert[46] quantified 
the decreasing formation rate o f faujasite with increasing silica content o f the 
product, and reported an increasing activation energy from 50 to 65 kJmof* for an 
increasing Si/Al ratio o f 1.5 to 2.5[47]. A more recent calorimetric study by Yang et 
«/.[48] reports similar activation energies. This implies therefore that the formation 
of high-Al zeolites is easier than high-Si equivalents, with aluminium rich species 
more reactive in the crystal growth process. The different surfaces o f crystals may 
also have different activation energies, and respond differently to changing reaction 
conditions or composition. Such a case was presented for the nucléation and growth 
of ZSM-5 reported by Cundy et a/. [49] who show that the activation energy for 
“length growth” is greater than “width growth” and the nucléation rate o f the latter 
increases with increasing aluminium content, resulting in a change in the aspect ratio 
o f the crystal; although the most sensitive parameter is found to be the synthesis 
temperature.
However, comparison o f activation energies calculated by different groups 
present some discrepancies. For example the activation energy for the crystallisation 
o f silicalite has been reported as approximately ~90 kJmof^[50], 70 kJmol'^[51], ~42 
kJm of’[52-55] and 94-96 kJmof*[56] by four different groups using a range of 
techniques, including small-angle neutron scattering (SANS), in- and ex-situ 
dynamic light scattering (DLS) and infra-red (IR) spectroscopy.
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The activation energies are typical for T-O-T bond breaking/making 
reactions[49, 51], much greater than for a process controlled by diffusion from the 
solution to the surface 12-17 kJmol'^[25]. This suggests that the zeolite formation 
rate depends on the rates o f integration o f growth species upon the crystal surface[46, 
57] as opposed to diffusion o f the building units from solution. Structure direction is 
also reported to take place at the surface, cation structure selectivity therefore 
dictating at the crystal surface[58].
This chapter presents the first extensive study of the aluminosilicate clusters 
using quantum mechanical techniques, in which both temperature and pH are 
considered as directing factors, as well as cations as templates. Cations indeed appear 
to play a role in directing zeolite oligomerisation, however kinetic factors are thought 
to be at play and it is these that are thought to emphasise the contribution o f cation 
selectivity on directing crystal nucléation and growth, in solution and on the crystal 
surface itself.
A more accurate representation o f the oligomeric polymerisation processes 
taking place pre- and during zeolite nucléation would be obtained from progression 
of this work by the consideration o f energy barriers to reactions, allowing a full 
consideration o f the kinetics o f zeolite oligomerisation reactions.
We now proceed in the next chapter to consider the surface-solution 
interface, by considering the attachment o f oligomeric species to growing crystal 
surfaces.
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Chapter 6: Surfaces
6.0. Outline
Understanding the principles o f crystal growth requires a study o f the surface 
structure, the interaction o f the solution species with the surface (the solid-solution 
interface), and thus the identification o f the crystal growth units. This chapter 
presents proposals for the crystal growth mechanism o f Li-A(BW) and Na-J(BW), by 
utilising a combination o f two methods, first principles and interatomic potential 
methods, to model the surface structures and possible growth steps o f the two 
zeolites.
The layer-by-layer crystal growth mechanism for zeolites proposed by 
Anderson et al.[\-3] is adopted. The growth layers are identified as the lowest energy 
surface terminations. Individual growth species are then identified as those with the 
lowest binding energies to reconstruct the lowest energy surface terminations. The 
binding energies are defined as the energy required for extracting the species from 
solution and bonding them to the growing surface. The energy o f abstracting water 
from within bulk liquid and its dissociation to form OH terminated surfaces is also 
considered.
Interatomic potential methods gave approximate steps for the reassembly o f 
zeolite surfaces and gave an indication o f possible growth units. More sophisticated 
density functional methods were used to model the bulk crystal structures o f Li- 
A(BW) and Na-J(BW) from which the lowest energy termination o f the Li-A(BW) 
(110) surface was reconstructed via step-by-step monomer condensation. We have 
previously reported the preliminary dissolution o f the Li-A(BW)(110) surface[4], 
and present here a more detailed study o f the dissolution process. The larger crystal 
unit cell size o f Na-J(BW) and costly approach limited our study to only the Li- 
A(BW) (110) face.
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6.1. Crystal surface structure of Li-A(BW) and Na-J(BW)
Crystal morphology results from the differential growth rate o f each 
crystallographic plane. A crystal in which all planes grow at the same rate has 
equally sized faces, i.e. a spherical crystal. Some planes however grow faster than 
others, growing themselves out of existence, giving rise to small crystal faces, whilst 
slower growing planes survive and dominate the appearance of the crystal. 
Morphologically important faces are those that are expressed in the crystal, the most 
important face being the slowest and hence largest crystal face.
(a) Li-A(BW)
(110) (100)
/(no)
(b) Na-J(BW)
Figure 6.0: Reported experimental morphology o f  (a) the Li-A(BW) crystal[5] and (b) the Na-J(BW) 
crystal[6 ]. The SEM images o f  Li-A(BW) and Na-J(BW) crystals synthesised here are shown in 
Chapter 4 (Fig. 4.19 and Fig 4.20), and are in good agreement with those in (a) and (b), respectively.
The crystal morphologies of Li-A(BW) and Na-J(BW) were identified by 
Ghobarkar et aL[5] and Hansen et al.[6], respectively (Fig. 6.0), and supported by
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SEM studies in this thesis (Chapter 4). The labelled faces in Figure 6.0 identify the 
(100) and (110) faces as the slowest growing, morphologically most important faces 
o f Na-J(BW) and Li-A(BW), respectively. The increasingly faster growing faces are 
in order o f decreasing surface area, the rate o f growth being proportional to its 
surface area.
6.2. Approach
A comparative approach is adopted in which the slow, and one o f the faster 
growing faces o f each Li-A(BW) and Na-J(BW) are modelled. Such a contrast will 
allow the favoured surface-solution reactions to be evaluated, primarily predicting 
which solution species most preferably bind to the fast and slow growing surfaces in 
the presence o f lithium and sodium.
The morphologically most important face o f each zeolite, Li-A(BW) (110) 
and Na-J(BW) (100) and the faster growing face, Li-A(BW) (010) and Na-J(BW) 
(010) are constructed from the corresponding optimised unit cell structures. We 
“dissolve” each surface and reconstruct the surface from the dissolved units, 
exploring the most favourable way o f assembling and disassembling the surface. 
Each unit is assumed to approach the surface from an infinite distance and the water 
molecules formed upon condensation removed to an infinite distance from the 
surface. When calculating the energy o f each possible growth step, the number o f 
bonds created/broken in each step and the dissociation o f water to hydroxylate the 
surface and the leaving oligomer are accounted for. Within the atomistic approach 
however, the most basic form o f the condensation reaction is considered, taking into 
account only the number o f bonds created at each growth step and the dissociation o f 
water to hydroxylate the surface T atoms. Atomistic modelling therefore serves as 
only an indication o f the lowest energy surface termination and possible growth 
units.
Initial identification o f possible growth units for the growth o f each Li- 
A(BW) and Na-J(BW) fast and slow growing surfaces was performed using the 
interatomic potential (IP) approach, and an implicit solvent for surface solvation. 
Further analysis was performed utilising the plane-wave (PW) DFT approach, 
obtaining a more accurate measurement o f the growth energetics. The more precise
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PW approach however does not include a model for solvation, and was only 
performed for the slowest growing Li-A(BW) (110) surface, due to computational 
cost. The details o f each approach are described in further detail in Chapter 3.
6.3. Results
6.3.1. Atomistic surface reconstruction
Each surface was constructed using the GDIS[7] modelling interface, and 
optimised utilising the GULP code including the COSMIC[8] model for surface 
solvation. The minimum energy for each surface termination was corrected for the 
number of water molecules required to dissociate in order to hydroxylate the under­
coordinated silicate and aluminate species at the surface. By implementation of 
plane-wave DFT GGA methods within the SIESTA code, Fernandez et al.[9] report 
that the dissociation o f water and adsorption o f the constituent and OH" onto 
neighbouring A1 atoms on an aluminate a-AbOsCOOOl) surface is equal to -1.53eV. 
Equivalent work by Ma et a/. [10] report the dissociation o f water and subsequent 
hydroxylation of an =Si-0" at a silica surface to be equal to approximately -1.35eV. 
Li-A(BW) and Na-J(BW) have an Si/Al ratio o f unity, the surfaces o f which 
therefore consist o f an integer number o f aluminate and silicate species. However, 
the hydroxylation o f the surface species is not always such that an even number o f 
hydroxyl groups are present on the different types o f T atom. In such instances 
therefore, we correct for the dissociation of a water molecule to hydroxylate two 
neighbouring silicate and aluminate units by using an average o f the two values 
reported by Fernandez et al.[9] and Ma et a /.[10] noted above, -1.44eV. The energy 
steps are the difference in energy between the two surface terminations. The lowest 
energy pathway to reconstruct the most stable surface structure was investigated and 
is presented here.
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6.3.1.1. Li-A(BW)
The morphologically most important, largest crystal face of Li-A(BW) is the 
(110) surface. The Li-A(BW)(010) surface was modelled for contrast as one o f the 
faster growing surfaces.
6.3.1.1.1. Li-A(BW)(110)
The most stable surface termination o f the ABW (llO) surface was found to be 
one terminated solely by 4-membered rings (4MRs). The reconstruction o f the lowest 
energy surface is depicted in Figure 6.1. The possible steps o f zeolite growth were 
identified as:
(a) Condensation o f an aluminate monomer and aluminosilicate dimer (or 
simultaneous condensation o f a silicate and aluminate monomer) attached via 
the silicate T atom, forming two T-O-T bonds upon the 4MR terminated 
surface (AE= +835kJ(mol unit cells) '\ corresponding to +278kJ(mol unit 
cells)’' per T atom)
(b) Condensation o f a silicate monomer and a dimeric (or two monomeric) 
aluminosilicate species giving rise to incomplete 4MR structures upon the 
surface by forming 5 T-O-T bonds with the surface (AE= +91kJ(mol unit 
cells)*', +3 Ok J(mol unit cells)' per T atom)
(c) Closure o f the 4MR units by condensation o f a silicate and an aluminate 
monomer upon the surface (AE= -926kJ(mol unit cells) ', -463kJ(mol unit 
cells) ' per T atom), recreating the most stable surface structure by forming 6 
T-O-T bonds with the surface, 3 per monomer.
The large endothermie steps in the reassembly o f the Li-A(BW)(110) surface can 
be considered with regards to the number o f T sites assembled upon the crystal 
surface, and hence in terms o f the number o f T-O-T bonds created (Fig. 6.1). This 
terminology for the energy o f assembly o f oligomeric units is extended to the other 
surfaces considered within this atomistic study. The most endothermie o f the growth 
steps can be attributed to the attachment o f fragments via a small number o f T-O-T 
bonds resulting in surfaces with a relatively large number o f terminal hydroxyl
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groups, and hence a greater number o f “broken” T-O-T bonds, corresponding to 
highly reactive surfaces. Previous work imaging the surface structures o f zeolites via 
AFM[2, 11-13] (Chapter 2) identify that surfaces are terminated by closed ring 
structures. We can therefore postulate that the large endothermie energies may 
correspond to short-lived transient terminations, the subsequent formation o f the 
closed 4MR terminated surfaces an exothermic assembly process. The most 
favourable assembly procedure for the Li-A(BW)(110) surface is therefore via the 
condensation of pre-formed 4MR units upon the crystal surface, although we must 
note that this is dependent on the saturation o f 4MR in solution. The more 
endothermie pathway via the assembly o f smaller monomeric and dimer fragments 
which are more prominent in zeolite synthesis media may therefore play a role via 
short-lived metastable terminations.
-926 (c) -463 per T atom 
+91 ( b ) +30 per T atom
+835 (a) +278 per T atom
Figure 6.1: Layer-by-layer assembly o f  the most stable, 4MR terminated, Li-A(BW) (110) surface in 
steps (a) attachment o f  3 T atoms (2 T-O-T bonds made) (b) attachment o f  3 T atoms (5 T-O-T bonds 
made) and (c) attachment o f  2 T atoms ( 6  T-O-T bonds made). Energies are given in kJ(mol unit 
ce lls )'\ and also given per T atom attached. The model is a double cell in the b direction. The 
interstitial species and surface hydroxyl groups have been omitted for clarity. Colour coding o f  the 
framework species is as defined in the Key to Figures and Tables, p. 19.
6.3.1.1.2. Li-A(BW)(01Q)
Similarly to the slower growing Li-A(BW)(110) surface, the most stable 
surface structure o f the Li-A(BW)(G1G) surface was found to be that terminated by 
4MRs (Fig. 6.2). This is no surprise in either case as the Li-A(BW) framework 
structure can be considered as being constructed solely from 4MR building blocks. 
The predicted growth mechanism however differs slightly, in that the most stable
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surface termination may be reconstructed by the condensation o f dimeric 
aluminosilicate units, as well as the condensation o f 4MR oligomers (Fig. 6.2):
(a) Condensation o f an aluminosilicate dimer (or simultaneous condensation of 
an aluminate and silicate monomer) forming two T-O-T bonds upon the 4MR 
terminated surface (AE= +859kJ(mol unit cells)'\ corresponding to 
+429kJ(mol unit cells)'^ per T atom)
(b) Closure o f the 4MR via condensation of another aluminosilicate dimer (or 
simultaneous condensation o f an aluminate and silicate monomer) forming 
four T-O-T bonds upon the open 4MR terminated surface (AE= -859kJ(mol 
unit cells)'*, corresponding to -429kJ(mol unit cells)'* per T atom).
-859 (b) -429 per T atom 
+859 (a) +429 per T atom
Figure 6.2: Layer-by-layer assembly o f  the most stable, 4MR terminated, Li-A(BW ) (010) surface in 
steps (a) attachment o f  2 T atoms via 2 T-O-T bonds and (b) attachment o f  2 T atoms via 4 T-O-T 
bonds. Energies are given in kJ(mol unit cells)'* and also given per T atom. The model is a double cell 
in the b direction. The interstitial species and surface hydroxyl groups have been omitted for clarity. 
Colour coding o f  the framework species is as defined in the Key to Figures and Tables, p. 19.
In both the slow and fast growing surfaces, it is suggested that a surface in 
which the 4MR is broken is very unfavourable. The significantly unfavourable 
growth via the condensation o f small oligomeric units suggests that the most 
energetically preferred route to zeolite growth o f the Li-A(BW)(110) and Li- 
A(BW)(010) surface is by the condensation of 4MRs upon the crystal surface, with 
the condensation o f smaller oligomeric species leading to possible transient stages in 
the crystal growth. Indeed, our oligomeric condensation calculations suggest that 
4MR units are favourable solution species in the presence of the lithium cation.
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6.3.1.2.Na-J(BW)
The morphologically most important, largest crystal face o f Na-J(BW) is the 
(100) surface. The Na-J(BW)(010) surface was modelled for contrast as one o f the 
faster growing surfaces.
6.3.1.2.1. Na-J(BW)dOO)
A surface of terminating 6-membered rings was found to be the most stable 
termination of the Na-J(BW)(100) surface (Fig. 6.3). Reconstruction o f the Na- 
J(BW)(100) surface via a stepwise approach was found to proceed via the addition of 
monomeric and 4MR units, with 4 T-O-T bonds made with the surface at each step. 
It may appear that we have reconstructed 2 layers o f the Na-J(BW)(100) face (Fig. 
6.3), but this is not the case. The structure o f the JBW framework is such that 4MR 
“spacers” between the 6-membered ring (6R) units are orientated in an alternating 
fashion, creating an ABABAB stacking sequence, A and B assembled via the same 
route (a)-(c) Fig. 6.3.
-124 (c) -62 per T atom
+75 (b) +9 per T atom
+49 (a) +24 perT atom
-124 (c) -62 per T atom
+75 (b) +9 per T atom
+49 (a) +24 per T atom
Figure 6.3: Layer-by-layer assembly o f  the most stable, 6 MR terminated, Na-J(BW )(100) surface in 
steps (a) 2 T atoms via 4 T-O-T bonds (b) 8  T atoms via 4 T-O-T bonds and (c) 2 T atoms via 4 T -0 -  
T bonds. Energies are given in kJ(mol unit cells) ' and also given per T atom. The model is a double 
cell in the b direction. The interstitial species and surface hydroxyl groups have been omitted for 
clarity. Colour coding o f  the framework species is as defined in the Key to Figures and Tables, p. 19.
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Reconstruction o f the most stable Na-J(BW)(100) surface suggests that the 
condensation of monomeric units upon a perfect crystal terrace is energetically 
unfavourable, as mentioned above for Li-A(BW). Completion of a surface terrace is 
exothermic when recreating the most stable surface, but endothermie when the 
surface created is 4MR terminated (Fig.6.3, (b)), and hence bisecting the preferred 
6MR surface structure.
6.3.1.2.2.Na-J(BW)(010)
-273 (c) - 6 8  per T atom 
I +162 ( b )+40 per T atom 
j  + 1 1 1  ( a ) +28 per T atom 
..j -273 (c) -68 per T atom 
. j  +162 ( b )+40 per T atom 
j  +111 (a) +28 per T atom
Figure 6.4: Layer-by-layer assembly o f  the most stable, 4MR78MR terminated, Na-J(BW )(010) 
surface in steps (a) 4 T atoms via 4 T-O-T bonds (b) 4 T atoms via 4 T-O-T bonds and (c) 4 T atoms 
via 4 T-O-T bonds. Energies are given in kJ(mol unit cells) * and also given per T atom. The model is 
a double cell in the b direction. The interstitial species and surface hydroxyl groups have been omitted 
for clarity. Colour coding o f  the framework species is as defined in the Key to Figures and Tables, 
p.l9 .
The most stable surface structure of the faster growing Na-J(BW)(010) 
surface was found to be that terminated by 4MR and 8MRs (Fig. 6.4), as opposed to 
the 6MR termination preferred for the slower growing Na-J(BW)(100) surface. The 
growth mechanism can be considered as a stepwise reconstruction o f the most stable 
surface termination via the condensation o f dimeric aluminosilicate units, with 4 T- 
0-T  bonds made with the surface at each step (Fig. 6.4 (a)-(c)). As mentioned above, 
the structure o f Na-J(BW) can be considered as being constructed in an ABABAB 
stacking sequence, A and B assembled via the same route (a)-(c) Fig. 6.4. Similar to 
the reconstruction of the Na-J(BW)(100) surface, condensation of dimeric units (or
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simultaneous condensation o f silicate or aluminate monomer units) upon the perfect 
4MRy8MR-terminated surface terrace is energetically unfavourable, although 
significantly less unfavourable than the condensation o f similar species upon the Li- 
A(BW) surfaces.
6.3.1.3. Conclusions
The energetically most favourable growth steps for Li-A(BW) are through the 
addition o f 4MRs and (less favourably) monomer and dimer units. The condensation 
o f these smaller units are however more favourable in the reassembly o f the most 
stable surface structures o f the slow and faster growing faces o f Na-J(BW) and 
implies that smaller species are more prominent in sodium rich solutions. We can 
postulate that although the condensation o f larger oligomers (T>1) appear to be more 
favourable than the smaller monomeric (T=l) units, it is possible that a number of 
different mechanisms are taking place, dependent on the supersaturation o f the 
different species at the crystal surface. We note from our oligomer simulations 
(Chapter 5) that polymerisation and ring formation is generally more favourable in 
the presence o f lithium at alkaline and high pH conditions; smaller species expected 
therefore in the presence o f sodium. Our surface reconstruction calculations are, 
therefore, in agreement with our solution oligomerisation calculations, suggesting 
that the species that are predicted to be available in the presence o f sodium and 
lithium correspond to the predicted growth units for Li-A(BW) and Na-J(BW), 
respectively.
Our stepwise reconstruction o f the fast and slow growing faces o f Na-J(BW) 
reveal that each stage for the faster growing Na-J(BW) (010) face is relatively more 
endothermie than the slower growing Na-J(BW)(100) face, which is unexpected. In 
contrast, the steps for the reconstruction o f the faster growing (010) face o f Li- 
A(BW) are relatively less endothermie than the slower growing Li-A(BW)(110) 
surface, which is what we would expect. We can only postulate that energy barriers 
to condensation reactions on the faster growing crystal surfaces are lower than those 
o f the slower growing faces giving rise to the faster growth rate o f the Na- 
J(BW)(010) and Li-A(BW)(010) faces compared to the slower Na-J(BW)(100) and 
Li-A(BW)(110) surfaces. We also observe that for the faster Na-J(BW)(010) face.
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the assembly o f smaller oligomeric units upon the surface is more favourable than 
that upon the slower growing Na-J(BW)(100), preferring instead assembly via larger 
4MR units. The dominance o f small monomeric and dimeric aluminosilicate 
oligomers in zeolite synthesis solution is reported by experimental NMR studies[14- 
16], and supported by our oligomer calculations in Chapter 5 which identify these 
smaller units as essential prerequisites for 4MR formation, the most favourable route 
to the 4MR predicted to be via condensation o f two dimer units. We can therefore 
postulate that the consumption o f these smaller units shifts the dynamic equilibrium 
present in solution towards the replenishment o f smaller monomer and dimer species 
by the breakdown o f larger ring oligomers, thereby further reducing the availability 
o f 4MRs in solution for the growth o f the slower growing faces.
However, we must consider that our atomistic simulation o f the surface 
structures do not take account o f different pH and temperature conditions present at 
the different stages o f zeolite growth, simulation o f which would provide a better 
insight into sampling the thermodynamically accessible surface terminations and the 
corresponding growth steps o f zeolite crystals.
Future improvements to the atomistic model o f the crystal surface structures 
may also include a review o f the cation-oxygen potentials, derived within this study, 
used to describe the cation-oxygen interactions. Justification o f the cation-Of 
potential (where O f represents a framework oxygen within the zeolite bulk structure) 
is provided by the simulation o f the bulk unit cell structures o f Li-A(BW) and Na- 
J(BW) using plane-wave DFT in the next results section (6.3.2.2). However, cation- 
OoH interactions (where C q h  is the oxygen o f a hydroxyl group), when the cation is 
located near the crystal surface, differs to that o f cation-Of within the zeolite 
framework, and thus may require a separate description for the cation-OoH 
interaction energy. Typically activation energies for aluminosilicate zeolites are 
approximately +50 to +96 kJm of' [17-25]. Considering the unsophisticated approach 
used, the energies noted for the assembly o f oligomeric units upon the crystal surface 
are therefore relatively reasonable.
Until now, COSMIC has been used to solvate only siliceous zeolite surface 
structures o f zeolite beta within single point calculations[26]. We therefore 
acknowledge the novelty o f this method, and that a more accurate description o f the 
surface species, the surface cation species in particular, may be necessary to improve
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the model. However, considering the novelty o f this method, we find that the 
calculated energy o f solvation o f the zeolite surfaces are relatively reasonable. The 
solvation energy, per terminating surface hydroxyl group, is calculated to be equal to 
-6  to -45  kJmol ' for the Li-A(BW), and -4  to -53  kJmol ’ for the Na-J(BW) 
surfaces. The range in the solvation energies can be attributed to the number o f 
hydroxyl groups and cations near the surface: Surfaces with fewer hydroxyl groups, 
and with more cations near the surface, having greater solvation energies. 
Marcus[27] reported the experimental solvation energy o f the free hydroxide ion 
(OH ) as -365 kJm ol'\ When bonded to the zeolite framework, the hydroxyl group 
not only forms a covalent bond with a T atom, but may also coordinate to interstitial 
cations and water molecules, significantly reducing its charge distribution relative to 
the free hydroxide ion. The solvation energy o f surface-terminating hydroxyl groups 
are therefore observed to be smaller than that o f the free hydroxide ion, as one would 
expect. The solvation energies o f the zeolite surfaces obtained here are therefore 
reasonable values, validating the COSMIC model for solvation.
6.3.2. Electronic Structure simulation o f zeolite surfaces
In order to obtain a more accurate picture, we now consider simulating the 
reconstruction o f the lowest energy surface termination via the condensation o f 
monomeric units upon the crystal surface using more sophisticated DFT methods. 
The surface structures are determined from the optimised unit cell geometries, 
obtained as a prerequisite for our surface simulations. Simulation o f the unit cell and 
surface structures were performed by the implementation o f plane-wave DFT using 
the CASTEP[28] code version 3.0. Such calculations are particularly costly and were 
performed using allocated time on the UK’s national supercomputer facility, HPC;c*
Details o f the k-point separation, FFT grid and kinetic energy cut-off 
parameters used for the unit cell and surface structure energy minimisation
' This work made use o f  the facilities o f  HPCx, the UK's national high-performance computing 
serx'ice, which is provided by EPCC at the University o f  Edinburgh and by CCLRC Daresbury 
Laboratory, and funded by the Office o f  Science and Technology through EPSRC's High End 
Computing Programme.
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calculations for Li-A(BW) and Na-J(BW) are as outlined in Chapter 3. The starting 
geometry for the Li-A(BW) and Na-J(BW) unit cell optimisation calculations were 
the experimental models proposed by Norby et al.[29] and Hansen et a/.[6], 
respectively. Simulation o f the larger unit cell o f Na-J(BW) is considerably more 
challenging compared to the smaller unit cell o f Li-A(BW). Given the limited time 
allocation offered by HPC;c, only the smaller Li-A(BW) crystal surface was able to be 
modelled.
6.3.2.1. Geometry optimisation o f the zeolite unit cells
6.3.2.1.1. Li-A(BW)
Li-coordination 
sphere: Li-O 
distances
Experimental 
model (Â)
Optimised Model: 
IP (Â)
Optimised 
Model: 
PW DFT (Â)
Li-Ow 1.967 1.854 1.941
Li-02 1.997 2.031 2.001
Li-03 1.913 1.972 1.945
Li-04 1.981 2.028 2.023
Li-01 3.243 3.367 3.217
T able 6.0: Comparison o f  the Li  ^ coordination sphere within Li-A(BW ) obtained from atomistic 
(IP(Interatomic potentials)) and quantum mechanical (PW (plane wave) DFT) methods with the 
experimental model proposed by Norby et al.{29\. Li-Ow (water oxygen) and Li-Of (0 1 -4 )  distances.
The minimum energy configuration o f Li-A(BW) is in good agreement with 
the experimental model proposed by Norby et a/. [29], and the model predicted by IP 
methods (Chapter 4) (Table. 6.0). The unit cell parameters («=10.3751Â, 
/)=8.1375Â, c=4.9792Â) are predicted within 1% and the framework bond lengths 
within 2% of the experimental model (Fig. 4.3 and Fig. 6.5). The simulated Li^ 
coordination sphere agrees to within 2% o f the experimental model, and is a closer 
representation of that observed experimentally compared to that obtained via IP 
methods (Table. 6.0). This supports our suggested weaknesses in the fitted
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Buckingham potential which describes the Li-O interaction. The pronounced 
decrease in the Li-Ow distance in the IP optimised model suggested that the potential 
describing the Li-Ow interaction is too attractive (Chapter 3). The relatively small 
percentage difference in the two models however suggests that the pair-potential 
description represents the interactions within dense Li-zeolite frameworks 
sufficiently well.
»
1
&
Figure 6.5: Minimum energy configuration o f  Li-A(BW ) obtained using plane-wave DFT. The model 
shown in a double cell in a. Colour coding o f  the framework and interstitial species is as defined in 
the Key to Figures and Tables, p. 19.
6.3.2.1.2.Na-J(BW )
The optimised unit cell geometry of Na-J(BW) (Fig. 6.6) is in good 
agreement with the “general” experimental model proposed by Hansen et al.[6] and 
the model predicted using interatomic potential methods (Chapter 4). The “general” 
structure comprising o f the single hydrated Na(3) cation site is discussed in detail in 
Chapter 4. The unit cell parameters (a=16.467Â, 6=14.949À, c=5.259Â) agree to 
within 1% and the framework bond length and angles to within 3% of the 
experimental model, and 2% and 1 % of the IP model, respectively. Similar to the IP 
optimised model (discussed in Chapter 4), the greatest difference between the 
computed structures of the Na-J(BW) and the experimental model are the Na-O 
distances of the Na(3) coordination sphere, which are found to be within <10% of the 
experimental model (Fig. 6.7, Table 6.2). The unit cell geometry of Na-J(BW) 
obtained via IP and PW models are consistent with one another, with particular
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regard to the position and distribution of the hydrated Na cations, identifying only 
the occupation o f the Na(3) site with similar degree o f error with respect to the 
experimental model. The small percentage difference between the PW and IP models 
enhances the credibility o f the interatomic potentials within our atomistic model, and 
consequently also that o f our molecular dynamics simulations.
Figure 6.6: Minimum energy configuration o f  Na-J(BW) unit cell obtained using plane-wave DFT. 
Colour coding o f  the framework and interstitial species is as defined in the Key to Figures and Tables, 
p .l9 .
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Figure 6.7: The Na(3) coordination sphere within the minimum energy structure o f  Na-J(BW) 
obtained using plane-wave DFT geometry optimisation. The N a(3)-0  distances are given in Â, and the 
O w 2and Ow2 “ represent water-oxygen atoms shared between neighbouring Na(3) cations. O 4 , Oô and 
O 12 are framework oxygen atoms. Colour coding o f  the constituent species is as defined in the Key to 
Figures and Tables, p. 19.
Na(3 )-cx)ordination 
sphere
Experimental 
model (Â)
Optimised Model: 
Interatomic 
Potentials (Â)
Optimised 
Model: Plane Wave 
DFT (Â)
Na-Owi 2.18 2.23 2.24
Na-Ow2 2.92 3.32 3.21
Na-Ow]" 2.39 2.30 2.33
Na-04 2.64 2.83 2.59
Na-Oô 2.60 2.75 2.58
Na-Oi2 2.35 2.58 2.42
Table 6.1: Comparison o f  the Na(3) coordination sphere within Na-J(BW) obtained from atomistic 
and quantum mechanical methods and the experimental model proposed by Hansen et al.[6]. Atom  
labels are as presented in Fig. 6.7, where Ow2  and Ow2 “ are shared water oxygens between 
neighbouring Na(3) cations.
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6.3.2.2. Dissolution and crystal growth o f ABW (110) surface
The 4-layer surface was relaxed within a simulation box with a 12Â vacuum 
gap to minimise the interactions between the periodically repeated slabs. A monomer 
mediated dissolution process was investigated, whereby a charge neutral monomer 
unit, either Si(OH)4 or A1(0H)4 (where is either Na^ or Li^) is removed to 
infinity and the partially dissolved surface is relaxed until essentially zero net force is 
on the atoms. A mirror plane bisects the slab; hence two fragments are actually 
removed at each step, one from each side o f the slab. This process is continued until 
a complete layer is removed from each end o f the slab. The relaxed configuration at 
the end o f each dissolution step is used as the starting configuration for the next 
dissolution and geometry optimisation stage.
The energy change at each step is calculated including a correction for the 
energy o f taking a water molecule out o f liquid water for the hydroxylation o f the 
monomeric fragment upon dissolution and the protonation o f the terminating oxygen 
atom on the surface created by the dissolution process. This energy is defined by 
Pascale et a/.[30] as the energy o f taking a single water molecule out o f bulk water in 
which the water molecule has an average coordination number o f 2.5 per water 
molecule in the liquid. The reported energy cost o f +134 kJmol'^ has to be added to 
the left hand side o f the following reaction:
{Surface + Monomer) + / / ^ 0 - +  )+ ^{OH  (6.1 )
However, this “de-solvation” energy was calculated using the B3LYP hybrid 
functional. The difference between the B3LYP and PBE functionals and its’ impact 
on the solvation energy can be estimated by extrapolating data reported very recently 
by Santra et al.[2>\] who evaluated the ability o f 16 DPT exchange functionals to 
describe the hydrogen bonding in small water clusters. Santra et a/.[31] found that 
the difference between the PBE and B3LYP energy for dissociation o f the dimer, up 
to the pentamer water cluster was a maximum of +3.63 kJmol ' per hydrogen bond. 
As the correction for removing water from bulk water was calculated using the 
B3LYP functional, this makes the B3LYP energy transferable to our PBE 
calculations.
250
The consideration o f the extraction o f water from liquid water drives each 
dissolution step to be significantly more endothermie. However, we must note that 
the experimental enthalpy o f vaporisation o f water is stated as +40.65kJm or'[32]. 
Pascale et a /.[30] model the abstraction o f water from static water clusters, and 
therefore do not consider the fluctuations in the hydrogen-bonding network within 
liquid water, nor the dynamic motion o f water molecules within the liquid. We can 
therefore speculate that the correction we have applied is an overestimation o f  the 
energy o f abstracting a water molecule from bulk liquid water, and the corresponding 
enthalpy changes for the stepwise dissolution is expected to be less endothermie than 
we have predicted, although the favoured pathways and relative energies would be 
unaffected. For example, when using the experimental energy o f vaporisation o f 
water as the correction value for the dissolution energies, the most endothermie 
dissolution energy is +340kJmol'' (compared to +375kJmol ' for the sam e 
dissolution step when using the Pascale et al.[30] correction), corresponding to 
+170kJmol‘* per T atom, which is a more reasonable value when contrasted to 
typical activation energies o f zeolite formation, discussed further on within this 
section. We must also concede that we do not consider here -  for reasons o f  
computational cost -  the full impact o f hydration, neglecting the solvation o f  the 
surface and the monomeric species that we “dissolve”. Nevertheless, our approach 
provides a self-consistent view o f the system considered.
We find the dissolution process is the same for each sub-layer: silicic acid is 
preferentially dissolved, followed by the removal o f an aluminate Al(OH )4 Li^ 
monomer (Table 6.2). The individual enthalpy changes for the stepwise dissolution 
are shown graphically in Figure 6.9, and pictorially in Figure 6.8 (optimised m odels).
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Dissolution energetics
Initial Final Total Per T atom
4LS S la 867.66 433.83
4LS S is 789.10 394.55
S la S2s 809.88 404.94
S is S2a 888.44 444.22
S2s S3a 764.92 38Z46
S2a S3s 706.18 353.09
S3a S4s 690.79 345.40
S3s S4a 749.52 374.76
S4s S5a 685.71 34Z85
S4a S5s 535.49 267.74
S5a S6s 58T23 290.62
S5s S6a 731.45 365.73
S6s S7a 514.59 257.29
S6a S7s 415.46 207.73
S7a S8s (2LS) 365.50 182.75
S7s S8a (2LS) 464.63 232.31
Table 6.2: Energies o f  dissolution (kJmoi ') o f  the neutral aluminate and silicate monomers at each 
step during layer dissolution. 4LS and 2LS denote the 4 layer (Fig. 6.8(a)) and 2 layer (Fig. 6.8(i)) 
surfaces, respectively. SXy denotes Step X (1-8) in which atom y is removed, where y=a for the 
aluminate monomer and y=s for the silicate monomer, respectively. Note that two monomers are 
dissolved at each step, one from either side o f  the slab.
The maximum endothermie enthalpy change upon dissolution appears to be 
the removal o f an aluminate monomer from S is  to form S2 (Table 6.2) where all 
surface 4MRs are opened. Spikes in the endothermie enthalpy o f dissolution 
observed in Fig. 6.9 correspond to steps in which an aluminate monomer is removed 
to create a clean surface, defined for these purposes, as a surface with no kinks or 
steps, but uniform hydroxylated T sites. Progression o f dissolution is generally more 
favourable as more o f the layer is being dissolved and we approach the original 
surface termination structure (2LS).
The mechanism of oligomer assembly on the crystal surface can be regarded 
as the reverse o f the dissolution process. In this case therefore, the most exothermic 
process is the condensation o f an aluminate monomer to create a surface o f cleaved
252
and closed 4MRs (S is), -444kJmor' per aluminate. When corrected for the 
desolvation o f the aluminate unit in the COSMO dielectric, calculated within our 
oligomer simulations in Chapter 5 (+84kJm of'), the condensation energy o f the 
aluminate monomer upon the crystal surface is reduced to approximately -360kJmof 
* per aluminate. We acknowledge the non-transferability o f the BLYP and PBE 
energetics, and that this decreased condensation energy is an approximate. We 
predict that improvement o f the PW model by consideration o f surface and fragment 
solvation would reduce this condensation energy further (as observed for when 
solvation effects are accounted for in our oligomeric calculations (Appendix 2 and 
Appendix 3).
Interestingly, the most endothermie growth step is identified as the 
condensation o f silicate units upon an incomplete surface (S7s) to form a uniform 
surface (S6a). A recent study into the growth o f urea[33] also reported the rate 
determining step as the completion o f a perfect terrace.
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(a) 4LS
(d) S3s
(b)S1s c) S2a
(e) S4a (f) S5s
(h) S7s(g) S6a
Figure 6.8: The most favourable dissolution mechanism o f  a 4-layer Li-A(BW) (110) slab (4LS) 
transforming to a 2-layer slab (2LS), figures (a)-(i), deduced from total energy DPT calculations. A 
supercell o f  2x1 cells is shown to aid the interpretation o f  the structure and mechanism. Figures (a) to 
(i) depict each monomeric dissolution, labelled SXy, where S denotes ‘Step’ number X (1-8) by the 
removal o f  monomeric y, a=aluminate A1(0H)4 Li  ^ and s=silicate Si(0H)4. Colour coding o f  the 
constituent species is as defined in the Key to Figures and Tables, p. 19.
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Figure 6.9: Stepwise dissolution o f  the Li-A (BW )(110) surface, corresponding to the configurations 
in fig. 6.8(b)-(i). The x-axis shows the number o f  T-sites removed from each side o f  the slab, and the 
y-axis records the enthalpy change in kJmol The black line reports the dissolution via the 
preferential removal o f  the silicate monomer from a clean surface.
The preferential removal o f silicate, and the most endothermie steps in the 
dissolution corresponding to the dissolution o f aluminate monomer, is in agreement 
with extensive experimental studies which report that the rate o f dissolution process 
decreases with increase in A1 content (reported for ZSM-5) as a consequence o f a 
relative inertness to tetrahedral aluminium centres towards hydroxide attack[34, 35]. 
However, aluminium-rich zeolites are known to be unstable to acid, dealumination 
(exchange o f aluminium for other species, such as cations, metal sites and hydroxyl 
nests, to improve thermal stability, acidity and therefore catalytic activity) requiring 
acidic conditions, often with the use o f mineral acids[36]. The dissolution rate of 
quartz has also been reported to be significantly depressed by increasing 
concentration o f adsorbed A1 species, observed to a greater extent at higher pH[3 7]. 
Al-rich aluminosilicate nutrient species are reported as the more reactive species in 
crystal growth[18]. Typical activation energies for the growth reported for other 
zeolites such as zeolite FAU[18], analcime[38] and zeolite A[39], vary form 
approximately +66 to +130 kJm of' (130 is for analcime nucléation). As mentioned 
in Chapter 5, a decreasing formation rate o f faujasite is reported to accompany an 
increasing silica content in faujasite growth[40], increasing from 50 to 65 kJmol ' for
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increasing Si/Al ratio o f 1.5 to 2.5, implying that high-Al crystals are easier formed 
than high-siliea equivalents.
6.4. Conclusions
It must be stressed that further work is needed as the current work extends 
only to the reconstruetion o f the Li-A(BW) (110) surface using DFT methods. We 
endeavoured to decipher eation directing effects and were limited by conditions of 
the DFT simulation. Interatomic potential methods indieated a degree o f cation 
structure direction, in which 4MR were favoured building units for the Li-A(BW) 
structures whilst smaller units were suggested for the Na-J(BW) surfaees, which is 
also in agreement with increased polymerisation and ring formation observed in the 
presence o f lithium within our oligomerisation simulations (Chapter 5). The greater 
population of smaller oligomeric fragments in the presenee o f sodium eompared to 
the dominance o f larger species in the presenee o f lithium make available the 
preferred growth species o f Na-J(BW) and Li-A(BW) identified by IP methods, 
respectively. Contrasting the preferred growth speeies for the slow and faster 
growing surfaees for Na-J(BW) indicates that smaller monomerie and dimeric 
species are preferred for the reeonstruetion o f the faster growing face, with the 
assembly o f larger 4MR oligomers as growth units preferred for the slower growing 
faee. However, we also observe a generally more endothermie energy o f surfaee 
reeonstruetion for the faster growing faces, and postulate that energy barriers 
associated with the assembly o f smaller oligomer units upon the faster growing faces 
are lower than the assembly o f the larger units upon the slower growing faces. With 
reference to the dominance o f smaller monomeric and dimer speeies reported by 
previous experimental NMR studies[14-16], and the identifieation o f these units in 
our oligomer caleulations in Chapter 5 as essential prerequisites for 4MR formation, 
we propose that the availability o f 4MR for growth is further limited by a shift in the 
dynamic equilibrium present in solution as a result o f the faster eonsumption of 
smaller units, towards replenishment o f the monomer and dimer concentration o f the 
solution by the breakdown o f larger units sueh as the 4MR.
Sampling o f the different surfaee terminations suggest that many stages of 
monomeric growth may be thermally accessible, with the existence o f surfaces with a
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high number o f terminating hydroxyl groups, and hence those corresponding to open 
ring structures at the surface, least favourable, present only as transient or metastable 
terminations to the formation o f more stable close ring terminated structures. Our 
surface DFT simulations also suggest that the formation o f  open ring structures are 
very unfavourable, implying that SBUs may play a role in overcoming the least 
favourable stages o f growth, as suggested by Chiu et a/. [26] from their work on the 
dissolution o f zeolite beta. This may account for the SBU terminated surfaces 
observed in previous studies[2, 11-13], and also for the debate on the role o f SBUs 
versus monomeric species in the mechanism o f zeolite growth[41-49], the real 
situation possibly being a mixture o f mechanisms, as suggested by our IP surface 
reconstructions. However, atomistic IP methods are limited for a quantitative 
investigation o f surface growth. Improvements to the interatomic potentials used to 
describe the atomic interactions could be made to improve the applicability o f this 
method. Improvements to the more sophisticated DFT model may also be made, such 
as the spatial constraints imposed due to using a single surface repeat unit cell. The 
current models only allow for rows o f silicic or aluminous species to be dissolved 
under neutral pH conditions and at OK, whereas in reality, a more complex 
dissolution pathway may exist, particularly at higher pH and temperatures 
representative o f the zeolite synthesis conditions.
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Chapter 7: Summary and Conclusions
The intention o f this study was to investigate cation-directing effects within 
zeolite growth, focussing on the influence on: the size and population o f solution 
oligomeric fragments; the structure o f the crystal surface; and how the solution 
oligomers interact with the crystal surface during growth (the solid-solution 
interface). Our work focussed on two zeolites, Li-A(BW) and Na-J(BW), the 
synthesis parameters o f which differ only in the alkali metal present in solution. This 
reaction allows the effect o f the cations, Li and Na, upon nucléation and 
crystallisation processes, to be studied independent o f other synthesis factors.
The minimum energy configuration o f the unit cell structures o f Li-A(BW) 
and Na-J(BW) were modelled using interatomic potentials (Chapter 4) and plane- 
wave DFT methods (Chapter 6) and were found to be in good agreement with the 
previously reported experimental model o f Li-A(BW)[1]. The minimum energy unit 
cell structure o f Na-J(BW) obtained from both simulation methods are consistent 
with one another, predicting the occupation o f a single hydrated Na(3) site within the 
Na-J(BW) channels. However, previous experimental studies[2, 3] report two 
hydrated cation sites, Na(3) and Na(31), with relative occupations o f 0.8 and 0.2, 
respectively. Consequently, the synthesis o f Na-J(BW) was prompted by the 
inconsistencies between the calculated hydrated Na positions o f Na-J(BW) and those 
determined experimentally[2, 3]. As the basis o f our study relies on the assertion that 
both Li-A(BW) and Na-J(BW) are synthesised from near identical synthesis 
conditions, both were successfully synthesised using the same method recently 
proposed by Lin et al.[A]. XRD analysis identifies a pure phase Li-A(BW), but two 
contaminant phases (sodalite and a form of cancrinite) present alongside Na-J(BW). 
Nevertheless, successful structural refinement (via Rietveld and Le Bail refinement) 
o f the 3 phase sample o f Na-J(BW) produced evidence of both Na(3) and Na(31) 
sites, with relative occupations o f 0.6 and 0.4, respectively, greater than those 
previously reported.
Static atomistic modelling o f the migration o f a cation from the Na(3) to the 
Na(31) site estimated an energy barrier o f l.SeV per Na(3)—>>Na(31) migration. 
Molecular dynamics simulations predicted a lower bound for such a migration
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between 200-300K, with a pronounced increase in the occupation o f Na(31) sites 
with increasing temperature. Once occupied, reverse migration from the Na(31) to 
the Na(3) site was not observed and not promoted by reducing the simulation 
temperature during quenching to IK. We postulate therefore, that during synthesis 
fluctuations in the synthesis temperature will result in the occupations o f the Na(31) 
site to be distributed such that more Na(31) sites will be occupied within hotter areas 
within the growing crystal. Hence, the relative distributions of the Na(3) and Na(31) 
sites are an average over the entire sample. Our static atomistic and plane-wave DFT 
models for the structure o f Na-J(BW) are therefore “general” structures for Na- 
J(BW) with the full occupation o f the primary Na(3) site. We have confidence that at 
OK, the minimum energy distribution o f the Na(3) and Na(31) sites giving no 
occupation of the Na(31) site is a reasonable model for the Na-J(BW) structure. 
Future work would include further molecular dynamics simulations at a wider range 
o f temperatures between 200-3 OOK to extract an estimate o f the energy barrier to the 
occupation o f the Na(31) site, and hence deduce a temperature at which the 
population o f the two hydrated cation sites are those reported in previous 
experimental studies and that yielded by structural refinement o f the crystals 
synthesised within this study.
An experimental investigation into the cation directing effects o f Li and Na 
was undertaken by sampling a range o f Li/Na ratios within the synthesis media. 
XRD, SEM and EDX analysis confirmed that neither mixed phases nor intergrowth 
structures were synthesised. We observed that in order to synthesise the target Li- 
A(BW) or Na-J(BW) phase an excess o f the corresponding lithium or sodium cation, 
respectively, is necessary. When the ratio o f cations in solution are close to unity, the 
resultant phase is hydroxy-cancrinite, which can be formed with either Li or Na 
within its pores, and expresses a similar morphology to Li-A(BW). We were 
therefore unable to distinguish Li-A(BW) or Na-J(BW) from hydroxy-cancrinite via 
SEM or EDX analysis. This cancrinite threshold between the formation o f Li-A(BW) 
and Na-J(BW) as the dominant phase in synthesis, suggests that the cations direct the 
formation o f similar species in solution, resulting in the growth o f the same 
framework structure when the cation ratio is close to unity. This is supported by our 
oligomer calculations, which identify only a slight difference in the distribution of 
the thermodynamically favoured polymer and ring products formed in the presence
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of Li compared to Na. Thus, in order to skew the populations significantly so that the 
target phase is formed, it is essential that we have an excess of the corresponding 
cation in the synthesis media.
Aluminosilicate oligomers up to 4 T atoms, with varying Si/Al ratio, were 
modelled using DFT methods within the DMOL^ code and implementation o f the 
implicit solvent model COSMO (Chapter 5). Charged states typical for neutral, 
alkaline (p H -10-12) and high pH (pH>12), were sampled for each oligomer, and the 
free energy for formation calculated at temperatures o f OK, 298K (typical for sample 
analysis) and 450K (typical for zeolite synthesis). The major oligomeric species in 
solution were found to be the dimer and 4MR units. Dimérisation identified as the 
rate-determining step to polymerisation and ring formation, depends on the 
distribution o f monomeric fragments in solution. Interestingly, aluminosilicate 
dimérisation was found to dominate at neutral pH, with silicate dimérisation 
dominating at high pH, encouraging low-Al polymerisation. However, in contrast to 
silicate polymerisation[6], linear aluminosilicate polymerisation is favoured beyond 
the dimer. Polymerisation from the aluminosilicate dimer to the linear trimer and 
tetramer and to the 3MR and 4MR ring structures is observed to favour high-Al 
oligomers at neutral pH, with low-Al equivalents favoured at alkaline and high pH.
Under neutral and alkaline pH conditions minor cation selectivity is observed, 
but this becomes more pronounced at elevated pH levels. The first evidence o f cation 
selectivity emerges for polymerisation from the low-Al trimer chain at alkaline pH; 
lithium directs polymerisation to the high-Al tetramer chain and sodium to the low- 
Al tetramer. At higher pH and 450K, lithium exhibits pronounced selectivity, 
directing condensation at the A1 end o f the aluminosilicate dimer to form the Si-Al-Si 
trimer, whilst sodium is less selective, favouring condensation to both ends o f the 
dimer, showing therefore an equal preference for both Si-Al-Si and Al-Si-Si trimers. 
Cation directing effects are also noted for the formation of the 4MR, the favoured 
route to which appears to be via the double condensation of two dimer fragments.
Ring formation is favourable at alkaline and high pH and is driven by the 
favourable entropie contributions to the free energy, increasing with temperature. 
The most favourable route to both 3MR and 4MR oligomers is via simultaneous 
condensation at both ends o f the dimer, the 4MR found to be the most favourable 
product after dimérisation. 4MR ring closure via an SN2-type mechanism has been
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proposed (Chapter 5) in which the formation o f the ring is facilitated by the 
coordination o f the charge stabilising cations to both dimer fragments, ring closure 
taking place via a proposed 5-coordinate silicate intermediate, similar to that 
previously proposed for silicate ring closure[7], and possible expansion o f the A1 
coordination sphere. The 4MR may also form via internal condensation o f the 
corresponding tetramer chain. However, at 298K and 450K the exothermic formation 
o f the 3 MR by internal condensation o f the trimer chain offers the ring opening/and 
closing of the 3 MR as an alternative route to the 4MR, competing with 
polymerisation and subsequent internal condensation o f the tetramer chain.
Cation selectivity for the 4MR at 298K and 450K is observed to be pH 
dependent; the formation o f the 4MR is generally more favourable in the presence o f 
lithium, but the difference between the two cations becomes negligible with 
increasing pH, and even favours sodium at high pH for low-Al 4MR formation via 
ring closure o f the Si-Al-Si-Si tetramer and high-Al 3MR. This is proposed to be a 
consequence o f the stronger Li-O interactions, the corresponding energy barrier to 
the release o f the oxygen nucleophile for ring formation being higher than that in the 
presence o f sodium, which interacts less strongly with the oxygen nucleophiles, the 
lithium cation thereby inhibiting ring formation at high pH relative to sodium.
As pH increases, we observe a preference for low-Al ring oligomers rather 
than high-Al equivalents, the preference increasing with pH. We therefore postulate 
that the ratio o f low-Al/high-Al 4MR in solution is only slightly greater than unity. 
As mentioned above, the distribution o f low-Al and high-Al oligomers in solution 
may be dependent on the distribution o f silicate and aluminosilicate dimer fragments 
present in solution. Aluminosilicate dimérisation is dominant at lower pH, with 
silicate dimérisation dominating at high pH, encouraging therefore, low-Al 
polymerisation and ring formation in aluminosilicate solutions. This is in contrast to 
previous experimental evidence which indicates that the Si/Al ratio o f oligomeric 
products decreases with increasing pH[8]. We postulate that the Si/Al ratio o f the 
larger oligomeric species is a consequence o f the ratio induced during aging o f the 
initial reaction mixture at low temperature and pH, or during the induction period 
during heating, before the higher temperatures and pH of synthesis are reached. 
Under such low temperature and pH conditions the aluminosilicate dimer is most 
favourable, from which zeolite synthesis proceeds as temperature and pH increase.
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the higher population o f aluminosilicate dimers encouraging the formation o f high- 
Al oligomers instead o f the low-Al oligomers favoured in solutions in which the 
silicate dimer dominates.
Although our results imply that low-Al products are favoured over the 
formation o f high-Al oligomers, high-Al zeolites can be easily formed with Si/Al 
ratio of unity, such as the Li-A(BW) and Na-J(BW) phases here (Chapter 4). We 
postulate therefore that kinetic factors play a major role in dictating the Si/Al ratio o f 
zeolites. A number o f kinetic studies on the growth o f zeolites are presented within 
the literature[9-21], for example, quantifying the increasing formation rate o f 
faujasite within increasing aluminate content[ 11,18, 20]. This implies therefore that 
the formation o f high-Al zeolites is easier and faster than high-Si equivalents, with 
aluminium species more reactive in crystal growth. This is supported by the reported 
rapid aluminate-silicate exchange, said to be some 10^-10^ times faster than silicate 
exchange[22]. Indeed, simulation o f the dissolution o f the Li-A(BW)(110) surface 
using plane-wave DFT methods (Chapter 6) identifies the silicate monomer as the 
first to dissolve, therefore suggesting that the first monomer to condense upon a 
growing surface is the more reactive aluminate-cation monomer. The activation 
energies for zeolite formation are typical for T-O-T bond breaking/making 
reactions[10, 19], suggesting that the rate o f zeolite formation is dependent on the 
rates at which solution species condense upon the zeolite surface[l 1, 23], as opposed 
to diffusion o f building units from solution which has a much smaller activation 
energy[24].
Simulation o f the surface structures o f Li-A(BW) and Na-J(BW) using 
interatomic potential methods (Chapter 6), and a new COSMIC implicit solvent 
model used to solvate the surfaces, identified surfaces terminated by ring structures 
as the most stable surface terminations, similar to zeolite surface terminations 
identified by previous AFM studies[25-28]. Simulation of possible pathways to 
reassemble the lowest energy zeolite surfaces were found to favour the assembly o f 
smaller monomeric and dimeric species for the reassembly o f the Na-J(BW) 
surfaces, and larger 4MR oligomers for that o f the Li-A(BW) surfaces, identifying 
therefore a degree o f cation structure direction. This is in agreement with our 
oligomer calculations which predict that at OK (temperature at which static atomistic 
calculations are performed) ring formation is preferred in the presence o f lithium.
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with the relative population o f smaller oligomers greater in the presence o f sodium, 
making available therefore the preferred growth species for Li-A(BW) and Na- 
J(BW) crystal growth.
Contrasting the reassembly o f the slow Na-J(BW)(100) surface with the 
faster growing Na-J(BW)(010) face, suggests that the assembly o f small monomeric 
and dimer species upon the faster growing faces is preferred to that of larger 4MR 
units, which in contrast, are found to be the preferred route to reassembly o f the 
slower growing face. Our oligomer calculations (Chapter 5) identify that monomeric 
and dimeric species are essential prerequisites to 4MR formation, and, as mentioned 
above, are predicted to dictate the population o f larger oligomers in solution. 
Previous experimental NMR studies report the dominance o f monomeric and dimeric 
species in aluminosilicate solutions[22, 29, 30]. We postulate that the population o f 
4MRs is reduced further by the consumption o f the monomeric and dimeric units 
during the growth o f the faster growing surfaces, shifting the dynamic equilibrium 
present in solution towards the breakdown o f larger species such as 4MR to replenish 
the population o f smaller units in solution for further consumption by the faster 
growing surface. However, sampling o f different surface terminations suggest that 
many stages o f monomeric growth may be thermally accessible, surfaces with a 
greater number o f terminating hydroxyl groups corresponding to surfaces in which 
ring structures are cleaved at the surface, being the least favourable, existing only as 
transient phases to the more stable closed-ring terminated surface structures. Larger 
species (SBUs), such as 4MRs, may therefore play a role in overcoming the least 
favourable stages o f growth. The possibility that a number o f mechanisms may be 
taking place at the crystal surface, involving monomeric, dimeric and larger 
oligomers in crystal growth, may account for the ongoing debate on the role o f SBUs 
versus monomers in the mechanism o f crystal growth[31-39].
Progression o f the work presented within this thesis would involve 
improvement o f the models used to simulate the unit cell and surface structures, with 
particular attention to the population o f the hydrated cation positions within the Na- 
J(BW) crystal. The cation-oxygen potentials derived within this study require further 
testing and improvement, in particular, the interaction o f the cations with terminating 
hydroxyl species on crystal surfaces and the implicit solvent.
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This work presents the first attempt to study zeolite surfaces in contact with a 
composite model for the solvent, dissociated water upon the surface in the form of 
terminating hydroxyl groups, which satisfy the coordination sphere o f the surface 
species, and an implicit COSMIC model. An improvement to this model would 
involve the solvation o f the surface by a monolayer o f explicit water molecules, 
supplemented by the COSMIC implicit solvent model. The COSMIC model itself is 
a novel method; future versions therefore may offer a more accurate representation 
o f the solvation o f crystal surfaces.
Plane-wave DFT calculations performed on the zeolite surfaces were limited 
to the simulation o f the dissolution o f the Li-A(BW) (110) surface only, a 
consequence o f the computational expense o f such calculations performed within the 
allocated time on the UK’s national supercomputer. Future work should therefore 
include simulation o f the faster growing Li-A(BW)(010) and both the slow ( 100) and 
faster (010) growing surfaces o f Na-J(BW), and include a model for the solvation of 
the surface, by either a implicit solvent or explicit solvation o f the surface structures.
The simulation o f solvated aluminosilicate fragments, up to 4 T atoms, 
considering neutral to high pH conditions and temperatures OK, 298K and 45OK, 
using the DFT methods, were a particular accomplishment. We were able to predict 
the populations of rings, up to 4MR, and polymer chains, up to the tetramer, within 
differing Si/Al ratio at temperatures and pH typical o f the induction period (aging) 
(298K, low/alkaline pH) and zeolite synthesis (450K, alkaline/high pH), as well as 
considering the directing factors o f cations as templates. We conclude that cations do 
indeed play a role in directing oligomerisation, with the smaller, more 
electronegative cation lithium forming larger ring structures more favourably than 
sodium cations, the population o f smaller fragments therefore more prominent in the 
presence o f sodium, with larger ring fragments dominating in the presence o f lithium 
relative to that in the presence o f sodium.
Differences in the preferred routes to polymerisation and ring formation 
become more pronounced with increasing pH, the thermodynamically most favoured 
routes at alkaline and neutral pH almost identical in the presence o f each cation. We 
conclude that kinetic factors play a role in emphasising the contribution o f cation 
selectivity on directing crystal nucléation and growth. Future work would therefore 
include a more accurate representation o f oligomeric polymerisation processes.
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extending our work to larger polymer and ring structures, considering also branched 
species, and the calculation o f energy barriers to precursor condensation reactions, 
allowing the kinetics o f zeolite oligomerisation reactions to be considered fully. 
Calculating the energy barriers to condensation reactions of different oligomer 
fragments upon the crystal surface, using sophisticated quantum mechanical 
simulation methods, will provide further insight into how species crystallise from 
solution upon crystal surfaces, and the role o f the cations in directing structures 
formed upon the crystal surface. Such studies would improve our understanding of 
oligomeric polymerisation processes pre- and during zeolite growth, and which 
species favourably condense upon surfaces, helping the debate on which species play 
a greater role in zeolite growth, larger SBUs or smaller monomeric units, and the 
structure-directing role o f the cations present in solution, when in solution and when 
bound to the crystal surface. Already, our calculations have indicated that the often 
discussed, but poorly understood structure-directing influence o f cations does appear 
to occur, but is highly pH sensitive. Future work may provide further differentiation 
between the structure-directing effects o f different cations, including the 
consideration o f energy barriers on solution oligomerisation and crystal growth, all 
o f which would contribute to progressing towards achieving tailor-made zeolites, the 
ultimate aim o f our understanding o f crystal growth processes.
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Appendix 1: Interatomic Potentials
The interatomic potentials used to describe the interactions within zeolite 
structures in static atomistic and molecular dynamics simulations.
With the exception o f the Buckingham potential describing the interaction 
between the cations and oxygen ions (derived within this study (Chapter 3)) the 
intermolecular potentials used were those previously fitted to dense aluminosilicate 
zeolites and applied to describe a number o f dense zeolite frameworks by Lewis et 
a/.[l-3]. Water is described by potentials due to de Leeuw et a/.[4]. O f and Ow denote 
framework and water oxygen atoms, respectively. Interatomic interactions between 
framework species and surface terminating hydroxyl groups are described using 
interatomic potentials previously reported by Schroder et al.[5].
Key to tables: A l, A2, and A3 denote atom types, and the letters c and s 
denote cores and shells, respectively. The corresponding keyword for each potential 
within GULP[6] is given, and the parameters A-D (defined in the appropriate 
subsections below) are in the order in which they are presented within GULP[6] 
input files. The maximum step size in the optimisation calculations was set at the 
fractional value o f 0.25.
A l l :  Interactions described by the Buckingham potential.
A 1.2: Interactions described by the Lennard-Jones potential.
A 1.3: Interactions described by the Morse potential.
A 1.4: Interactions described by a 3-body potential.
A1.5: The core-shell spring constants for Of and Ow
A1.6: Tapering o f the coulomb interaction.
A 1.7: Interactions with terminating hydroxyl groups.
A 1.8: Charges o f the framework and surface species.
A1.9: Description o f directives in a molecular dynamics CONTROL file.
A l.lO : An example o f a molecular dynamics FIELD file.
A l . l l :  The time steps and duration o f each molecular dynamics simulation
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A l l: Interactions described by the Buckingham potential. A=A(eV), B=p(Â) and
C=C(eV.Al.
Keyword A 1 A 2
Parameters describing the potentials Cuttoff (Â)
A B C Min Max
buck Of s Of s 22764.00 0.149000 27.880 0 . 0 0 2 0 . 0 0
S ic Of s 1283.907 0.32052 10.662 0 . 0 0 2 0 . 0 0
Al c Of s 1460.000 0.29912 0 . 0 0 0 0 0 . 0 0 2 0 . 0 0
Na c Of s 1226.840 0.30650 0 . 0 0 0 0 0 . 0 0 2 0 . 0 0
L ie Of s 1303.900 0.26000 0 . 0 0 0 0 0 . 0 0 2 0 . 0 0
H e Of s 396.2700 0.25000 0 . 0 0 0 0 0 . 0 0 1 0 . 0 0
Si c Ow s 1283.907 0.32052 10.662 0 . 0 0 16.00
Al c Ow s 1460.300 0.29912 0 . 0 0 0 0 0 . 0 0 16.00
Na c O w S 450.4980 0.30650 0 . 0 0 0 0 0 . 0 0 2 0 . 0 0
L ie Ow s 478.7960 0.26000 0 . 0 0 0 0 0 . 0 0 2 0 . 0 0
H e Ow S 396.2700 0.25000 1 0 . 0 0 0 0 . 0 0 2 0 . 0 0
Ow s Ow S 22764.30 0.14900 28.920 0 . 0 0 16.00
A 1 .2 : Interactions described by the Lennard-Jones potential. A=A(eV.Â'^), 
B=B(eV.Â^).
Keyword A 1 A 2
Parameters describing the 
potentials
Cuttoff (Â)
A B Min Max
lennard 1 2  6 Ow s Ow s 39344.98 42.15000 0 . 0 0 2 0 . 0 0
A l.3: Interactions described by the Morse potential. A=D^(eV), B=a(Â’*), C=ro(Â) 
and D=coul, where E=D^((I-exp(-a(r-ro)))^-I.O)-cow/.qi.qj/r.
Keyword A 1 A 2
Parameters describing the potentials Cuttoff (A)
A B C D Min Max
morse Hw c Ow s 6.203710 2 . 2 2 0 0 0.92376 0.5000 0 . 0 0 1.10
Hw c H e 0 . 0 0 0 0 0 0 2.8405 1.50000 0.5000 0 . 0 0 1.60
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A l.4: Interactions described by a 3-body potential. A=k(eV.rad'^), force constants 
k3(eV.rad'^) and k4(eV.rad'^) are set at the default value o f zero, and theta is the 
equilibrium A1-A2-A3 angle.
Keyword A 1 A 2 A 3
Force
Constants Theta°
Cut offs (A)
A 1 - 2 1-3 2-3
three Al c Of s Of s 2.0972 109.470 1.90 1.90 3.50
S ic Of s Of s 2.0972 109.470 1.90 1.90 4.00
three intra Ow s H e H e 4.1998 108.690 1.50 1.50 2 . 0 0
A 1.5: The core-shell spring constants for the water (Ow) and framework (Of) 
oxygen atoms. A=k2(eV/A^) and iQ is set at the default value o f zero, where 
E=(l/2)k2r^+(l/24)k4r'^ and the core-shell cut-off distance was set at 0.8Â.
Keyword A 1 A
spring Ow 209.44960
Of 74.920000
A 1.6: Tapering o f the coulomb interaction to a constant value, C, at short Si-Of 
distances, to avoid coulomb collapse at such short distances. A=C(eV) and the cut- 
ofTTmax(Â), where E=[qi.q,7r].f(r) + C(l-f(r)) where f(r) is a polynomial taper.
Keyword A 1 A 2 A Cut o ff  (A)
qtaper S ic Of s -92.682663 1.55
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A 1.7: The interatomic potentials describing the interactions o f framework species 
with terminating hydroxyl groups, as previously fitted by Schroder et al.[5'\. The 
parameters for each potential (defined here by the corresponding GULP[6] keyword) 
are as described in tables A 1.1, A 1.3 and A 1.4.
Keyword A 1 A 2
Parameters describing the potentials Cuttoff (Â)
A B C D Min Max
buck Na c OoH C 803.012685 0.30650 0 . 0 0 0 0 0 0 0 . 0 0 2 0 . 0
L ie OoH C 853.453620 0.26000 0 . 0 0 0 0 0 0 0 . 0 0 2 0 . 0
OoH C Of s 22764.0000 0.14900 27.88000 0 . 0 0 1 2 . 0
Si c OoH C 1283.90698 0.32052 10.66158 0 . 0 0 1 2 . 0
A! c O qh  c 1041.19390 0.29912 0 . 0 0 0 0 0 0 0 . 0 0 1 2 . 0
OoH c OoH C 22764.0000 0.14900 27.88000 0 . 0 0 1 2 . 0
H qh  C Of s 311.970000 0.25000 0 . 0 0 0 0 0 0 0 . 0 0 1 2 . 0
H qh  C OoH C 311.970000 0.25000 0 . 0 0 0 0 0 0 1 . 2 0 1 2 . 0
Hw c OoH C 556.086525 0.25000 0 . 0 0 0 0 0 0 0 . 0 0 16.0
Ow c OoH C 22764.3000 0.14900 8 . 1 2 0 0 0 0 0 . 0 0 16.0
O qh  c Ow S 22764.0000 0.14900 27.88000 0 . 0 0 16.0
H qh  c Ow C 311.970000 0.25000 0 . 0 0 0 0 0 0 0 . 0 0 16.0
coulomb H qh  c OoH C 1 . 0 0 0 0 0 0 0 0 0 . 0 0 1 . 2 0
morse H qh c OoH C 7.05250000 2.19860 0.94850 0 . 0 0 0 . 0 0 1 . 2 0
Hw c H e 0 . 0 0 0 0 0 0 0 0 2.84000 1.50000 0.50 0 . 0 0 1.60
A 1 A 2 A 3
Force Constants
Theta°
Cut offs (Â)
A 1 - 2 1-3 2-3
three OoH C H qh  c Si c 1.8920 116.830 1.50 1.80 1 2 0
OoH C H qh  c A1 c 1.8920 116.830 1.50 1.80 1 2 0
Si c OoH C Of s 2.0972 109.47 2 . 0 2 . 0 3.7
Si c OoH C OoH C 2.0972 109.47 2 . 0 2 . 0 3.7
A1 c OoH C Of s 2.0972 109.47 1.9 1.9 3.5
A1 c OoH C O qh c 2.0972 120.47 1.9 1.9 3.5
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A l . 8 : Charges o f the framework and surface species
Atom Charge
Si c +4.000000
A1 c +3.000000
Of c +0.869020
Of s -2.869020
Ow c +1.250000
Ow c -2.050000
Oqh c -1 .426000
Hf c +0.400000
Hqh c +0.426000
Na c +1.000000
L ie +1.000000
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A  1,9: Assignment o f values o f the directives in the CONTROL file for the 
Molecular Dynamics simulation calculations[7].
Directive Definition
Values used 
within this study
Temperature t Temperature o f  simulation (Kelvin)
t= 0 .0 1 0 0 E + 0 2 ,
l.OOOOE+02,
2.0000E+02,
3.0000E+02,
4.0000E+02
ensemble npt 
berendsen
Selects the Berendsen NPT ensemble with A ,A  as the 
thermostat and barostat relaxation times (ps)
/ ,  = 0.5000E+00  
/2 = 0 .5 0 0 0 E + 0 0
scale n Rescales atomic velocities every n steps (during equilibrium) n = 1
print n Prints system data every n steps « = 20
traj i j  k
The trajectory dumping controls -  writes HISTORY file 
with controls: / = start timestep for dumping 
configurations,y = timestep integral between 
configurations, k = data level {i.e. variable keytij (internal 
trajectory file key) k = Q  (coordinates only in file), 1 
(coordinates and velocities in file) and 2 (coordinates, 
velocities and forces in file))
i =  1 
j  = 250  
k = 0
timestep / sets the timestep o f  the simulation (ps)
/ =  0.0500E-03, 
0.0250E-03
cutoff / Sets the required forces cutoff to/ (A) / =  1.2000E+01
delr width / Sets the Verlet neighbour list shell width t o /(A ) / =  l.OOOOE+00
rvdw cutoff /
Sets the cutoff for short-range van der Waals interactions
to /(A )
/ =  l.OOOOE+01
ewald 
precision /
Selects the Ewald sum for electrostatics, with automatic 
parameter optimisation (0</<0.5)
/ =  l.OOOOE-05
cap /
caps forces during the equilibrium period o f  the 
sim u lation ./is the maximum cap (kT/ A) / =  250
277
A 1.10: An example FIELD file for the Molecular Dynamics simulation 
calculations, including the assignment of the unit cell species and the interatomic 
potentials used to describe the interactions between constituent species[7]. Unless 
otherwise stated, the format of the potentials and corresponding cut-offs are as 
outlined in A 1.1-A 1.7. The FIELD file input is given in black text. Red text define 
the input keywords and values and blue text describe any repetitions within the 
FIELD file and description of the potentials and their variables.
Units eV Unit o f  energy for input and output, electron-volts
MOLECULES 194 The total number o f  molecules
molecule 0 M olecule number 0 (the interstitial sodium cations)
NUMMOLS 1 The number o f  times molecule 0 appears in the system
ATOMS 288 The number o f  atoms in molecule 0
N alc  22.990000 1.000000 Atom label, atomic mass, charge
“
Repeated 96 times (number o f  N al cations in the simulated model)
«
Na2c 22.990000 1.000000 Atom label, atomic mass, charge
“
Repeated 96 times (number o f  Na2 cations in the simulated model)
u
Na3c 22.990000 1.000000 Atom label, atomic mass, charge
“
Repeated 96 times (number o f  Na3 cations in the simulated model)
“
FINISH End o f  the description o f  molecule 0
molecule 1 M olecule number 1 (the framework)
NUMMOLS 1 The number o f times molecule 1 appears in the system
ATOMS 2880 The number o f  atoms in molecule 1 (the framework)
A llc  26.980000 3.000000 Atom label, atomic mass, charge
Repeated for each A ll in the simulated model (96 times)
A12c 26.980000 3.000000 Atom label, atomic mass, charge
Repeated for each A12 in the simulated model (96 times)
A13c 26.980000 3.000000 Atom label, atomic mass, charge
Repeated for each A13 in the simulated model (96 times)
S ilc  28.090000 4.000000 Atom label, atomic mass, charge
Repeated for each Sil in the simulated model (96 times)
Si2c 28.090000 4.000000 Atom label, atomic mass, charge
Repeated for each Si2 in the simulated model (96 times)
Si3c 28.090000 4.000000 Atom label, atomic mass, charge
Repeated for each Si3 in the simulated model (96 times)
0 2 c  15.000000 0.869020 Atom label, atomic mass, charge
Repeated for each 02core in the simulated model (1152 times)
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0 2 s  1.000000 -2.869020 Atom label, atomic mass, charge
Repeated for each 02sheii in the simulated model (1152 times)
SHELL 1152 The number o f  core-shell units
1441 1729 74.920000 0 2 c  label, 0 2 s  label, core-shell spring constant, repeated for all
1728 2016 74.920000 core-shell springs. List includes 0 2 c  (1441-1728 and 577-1440)
577 2017 74.920000 and the corresponding 0 2 s  label (1739-2016 and 2017-2880)
1440 2880 74.920000
BONDS 0 The number o f  flexible chemical bonds in the molecule
FINISH End o f  the description o f  molecule 1
molecule 2 M olecule number 2 (the first o f  the 192 water molecules)
NUMMOLS 1 The number o f  times molecule 2 appears in the system
ATOMS 4 The number o f  atoms in molecule 2 (H2 O including O^ heii)
0 1 c  15.000000 1.250000 Atom label, atomic mass, charge
H lc  1.010000 0.400000 Atom label, atomic mass, charge
H lc  1.010000 0.400000 Atom label, atomic mass, charge
0 1 s  1.000000 -2.050000 Atom label, atomic mass, charge
SHELL 1 The number o f  core-shell units
1 4 209.449600 0 2 c  label, 0 2 s  label, core-shell spring constant
BONDS 5 The number o f  flexible chemical bonds in the molecule
Morse potential (morq), variables O^(eV), a(Â‘‘), ro(Â), coul 
functional form U(r)=£)f((l-exp(-a(r-ro)))^-1.0)-co«/.qi.qj/r
morq 2 4 6.203710 0.92376 2.220000 5.903901 Morse potential: H lc  and 0 1 s
Buckingham potential (buck), variables A, p, C,
functional form lJ{r)=A exp (-r/p) + C/r^ , (r = interatomic distance)
buck 2 4 -396.2700 0.2500 -10.0000 Buckingham potential: H lc  and 0 1 s
morq 3 4 6.203710 0.92376 2.220000 5.903901 Morse potential: H lc  and 0 1 s
buck 3 4 -396.2700 0.2500 -10.0000 Buckingham potential: H lc  and 0 1 s
morq 2 3 0.000000 1.500000 2.840500 -1.151981 Morse potential: H lc  and H lc
ANGLES 1 The number o f  valence angle bonds in the molecule
Harmonic 3-body potential (harm), variables k, 6q, 
functional form \J(0)=k/2 (6 -  OqŸ
harm 3 4 2 4.1998 108.6900 Intramolecular 3-body potential: H Ic-O ls-H l
FINISH End o f  the description o f  molecule 2
Description repeated for molecule 3 to 192
molecule 193 Molecule number two (the last o f  the 192 water molecules)
NUMMOLS 1 The number o f  times molecule 193 appears in the system
ATOMS 4 The number o f  atoms in molecule 193 (H2 O including Ojheii)
0 1 c  15.000000 1.250000 Atom label, atomic mass, charge
H lc  1.010000 0.400000 Atom label, atomic mass, charge
H lc  1.010000 0.400000 Atom label, atomic mass, charge
0 1 s  1.000000 -2.050000 Atom label, atomic mass, charge
SHELL 1 The number o f  core-shell units
1 4 209.449600 0 2 c  label, 0 2 s  label, core-shell spring constant
BONDS 5 The number o f  flexible chemical bonds in the molecule
morq 2 4 6.203710 0.92376 2.220000 5.903901 Morse potential: H lc  and 0 1 s
buck 2 4 -396.2700 0.2500 -10.0000 Buckingham potential: H lc  and 0 1 s
morq 3 4 6.203710 0.92376 2.220000 5.903901 Morse potential: H lc  and O ls
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buck 3 4 -396.2700 0.2500 -10.0000 Buckingham potential: H lc  and O ls
morq 2 3 0.000000 1.500000 2.840500 -1.151981 Morse potential: H lc  and O ls
ANGLES 1 The number o f  valence angle bonds in the molecule
harm 3 4 2 4.1998 108.6900 Intramolecular 3-body potential: H lc -O ls-H l
FINISH End o f  the description o f  molecule 193
VDW 23 The number o f  non-bonded van der Waals pair potentials
Buckingham potential (buck), variables A, p,C,
functional form \J{r)=A exp (-r/p) + C/r  ^(r = interatomic distance)
S ilc 0 2 s buck 1283.9070 0.3205 10.6620 Buckingham potential: S ilc  and 0 2 s
Si2c 0 2 s buck 1283.9070 0.3205 10.6620 Buckingham potential: Si2c and 0 2 s
Si3c 0 2 s buck 1283.9070 0.3205 10.6620 Buckingham potential: Si3c and 0 2 s
A llc 0 2 s buck 1460.0000 0.2990 0.0000 Buckingham potential: A llc  and 0 2 s
A12c 0 2 s buck 1460.0000 0.2990 0.0000 Buckingham potential: A 12c and 0 2 s
A13c 0 2 s buck 1460.0000 0.299 0.0000 Buckingham potential: A 13c and 0 2 s
0 2 s 0 2 s buck 22764.000 0.1490 27.8800 Buckingham potential: 0 2 s  and 0 2 s
N alc 0 2 s buck 1226.8400 0.3065 0.0000 Buckingham potential: N a lc  and 0 2 s
Na2c 0 2 s buck 1226.8400 0.3065 0.0000 Buckingham potential: Na2c and 0 2 s
Na3c 0 2 s buck 1226.8400 0.3065 0.0000 Buckingham potential: Na3c and 0 2 s
A llc O ls buck 1460.3000 0.2991 0.0000 Buckingham potential: A llc  and O ls
A12c O ls buck 1460.3000 0.2991 0.0000 Buckingham potential: A12c and O ls
A13c O ls buck 1460.3000 0.2991 0.0000 Buckingham potential: A13c and O ls
N a lc O ls buck 450.4980 0.3065 0.0000 Buckingham potential: N a lc  and O ls
Na2c O ls buck 450.4980 0.3065 0.0000 Buckingham potential: Na2c and O ls
Na3c O ls buck 450.4980 0.3065 0.0000 Buckingham potential: Na3c and O ls
S ilc O ls buck 1283.9070 0.3205 10.6620 Buckingham potential: S ilc  and O ls
Si2c O ls buck 1283.9070 0.3205 10.6620 Buckingham potential: Si2c and O ls
Si3c O ls buck 1283.9070 0.3205 10.6620 Buckingham potential: Si3c and O ls
O ls 0 2 s buck 22764.300 0.1490 28.9200 Buckingham potential: O ls  and 0 2 s
H lc 0 2 s buck 396.2700 0.2500 0.0000 Buckingham potential: H lc  and 0 2 s
H lc O ls buck 396.2700 0.2500 10.0000 Buckingham potential: H lc  and O ls
O ls O ls 12-6 39344.9800 42.1500 0.0000 Buckingham potential: O ls  and O ls
TBP 6 The number o f  three-body potentials
Screened harmonic (shim), variables k 6qP\ pi cut-off, 
functional form \3{0)={kl2){6- 0o)^exp[-(ry//>i + vjpi)]
0 2 s A llc 0 2 s shrm 2.097200 109.470000 100000 100000 1.900000
0 2 s A12c 0 2 s shrm 2.097200 109.470000 100000 100000 1.900000
0 2 s A13c 0 2 s shrm 2.097200 109.470000 100000 100000 1.900000
0 2 s S ilc 0 2 s shrm 2.097200 109.470000 100000 100000 1.900000
0 2 s Si2c 0 2 s shrm 2.097200 109.470000 100000 100000 1.900000
0 2 s Si3c 0 2 s shrm 2.097200 109.470000 100000 100000 1.900000
CLOSE End o f  FIELD file
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A l.11: The time steps and duration of each molecular dynamics simulation, 
equilibration and evolution (production calculation) o f the Na-J(BW) 2x2x6 cell at 
lOOK, 200K, 300K and 400K, and when quenched to IK from each o f these higher 
temperatures.
T emperature 
o f  simulation, 
T
Time step, duration, o f  
equilibration stage o f  
simulation
Time step, duration, o f  
production stage (system  
allowed to evolve at temperature 
T) o f  simulation
Total duration 
o f  calculation
lOOK 0.00025ps, 12.5ps 0.00050ps, 75.Ops 87.5ps
lOOK-^lK 0.00025ps, 37.5ps O.OOOSOps, 137.5ps 175.Ops
200K 0.00025ps, 12.5ps 0.00050ps, 70.0ps 82.5ps
200K-^1K 0.00025ps, 37.5ps 0.00050ps, 137.5ps 175.Ops
300K 0.00025ps, 37.5ps 0.00050ps, 75.0ps 112.5ps
BOOK^IK 0.00025ps, 37.5ps 0.00050ps, 112.5ps 150.Ops
400K 0.00025ps, 37.5ps 0.00050ps, 75.0ps 112.5ps
400K ->1K 0.00025ps, 37.5ps 0.00050ps, 112.5ps 150.Ops
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Appendix 2: Gas phase condensation pathways
Condensation pathways to the 4-membered ring with different Si/Al ratio 
at neutral to high pH, and OK, 298K and 450K. Analogous to the 
solution phase pathways presented within the thesis (Chapter 5)
Key to Figures and Tables: The energetics are noted as changes in the 
Gibbs free energy, AG (kJ mol'*). Neutral, alkaline and high pH correspond to 
fragments with (a) an overall charge o f zero (b) a single negative charge 
corresponding to deprotonation o f a single hydroxyl group and (c) a double negative 
charge corresponding to deprotonation o f two oligomer hydroxyl groups, 
respectively. Each polymerisation reaction involves condensation o f one anion with 
one neutral monomer, yielding an anionic oligomer with the elimination o f water. 
The coordinated cations are omitted from A2.1-A2.9 for clarity, a cation present for 
each A1 atom in the fragment. The condensation energies for the formation of 
fragments in the presence o f lithium and sodium are distinguished by the colour o f
the values above and below the reaction arrows; the formation o f fragments in the
presence o f lithium are noted in blue and those in the presence o f sodium are noted 
in purple.
A2.1: Neutral pH conditions at OK 
A2.2: Neutral pH conditions at 298K.
A2.3: Neutral pH conditions at 450K.
A2.4: Alkaline pH conditions at OK.
A2.5: Alkaline pH conditions at 298K.
A2.6: Alkaline pH conditions at 450K.
A2.7: High pH conditions at OK.
A2.8: High pH conditions at 298K.
A2.9: High pH conditions at 450K.
A2.10: Binding energies (AGy in vacuo) o f the monomer-cation fragments.
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A2.11: Oligomer deprotonation energies.
A2.1: Neutral pH conditions at OK.
Si(0H)4
+ -65
ai(o h )7...c  ^
-7O2J-589 
ai(o h )7 +
> Si
Si AI
+93 +87
+44 +43
A 2.2 : Neutral pH conditions at 298K.
Si(OH)4
r rA|(0H)4...C  ^
-6 9 lJ -5 8 7  
A|(0H)4 +
Si AI
+52 +46
Si— Si
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A2.3: Neutral pH conditions at 450K.
-45
ai(o h )7...c +
-692J -592 
A|(oh)4 +
> Si
SI AI
+34 +28
Si AI
Si _  -30 
Si -2
Si -^-26
-29 -27
Si— Si
A2.4: Alkaline pH conditions at OK.
Si— AI
SKOHkO +C ^ +69 +124
-705 -598
Si(OHUO Si _+97
Si ^ 3 6
Al(OHL...C^ +84 +75
Si(OHkO
Si Si
-105
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A2.5: Alkaline pH conditions at 298K.
Si— AI
Si(OH)gO +C +27 +84
-693 -594
si(o h K o  ...C^ Si _+53
-691 ^  -587
+42 +38Al(OHL...C
Si(OHkO
Si Si
A 2.6: Alkaline pH conditions at 450K.
-105Si AI
Si(OH)gO" +C ^ +8 +66
r AI S-693 -598
Si(OHkO Si _+33
AI Si
-6924' -592
+23 +20A|(0h)4...C^
Si— Si
+
Si(OH), O
-142
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A2.1: High pH conditions at OK.
Si(0H)4
|.w
S i(0H )^ 0' 
+337i
S i(0 H )2 (0 ) |-
-2 5 7
^-21^ 
Al(0H)4...C +
-702^ -589
ai(o h )7  + C^
-248 -229
-251
+133 +141 -256'
AI SI+85-204
+108-224
-154
Si A!-195
-146
-73 Si SiSi -99 J
+236 
Si "<90
-94224 AI Si<■114-249
-134
-122
-32c l 39+ 1 3 3 + 1 0 6  .156 -110 -269
-138
+121 Si Si
A 2 .8 : High pH conditions at 298K.
S i(0 H h 0
-266
Si(0H)2(0)|
, ,-20 A|(0H)4...C^
-691 -587
A|(0H)4 + C
Si AI
+79 +90
+ 8 4 + 6 5  .145
S i— Si
-298
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A2.9: High pH conditions at 450K.
■
S i(0H ),0
A|(0h)4...C*’ *^
■
-692 -592
A|(0H)4 +C^
-283Si AI
+55 +66
Si _+119
Si -^+13
+62 +47 -312
A2.10: Gibbs free binding energies (AGy in vacuo) of the cations, lithium and 
sodium, to the aluminate and silicate fragments at different pH.
AEqk AG29gK ^G45ok
Fragment / Cation Li" Na" Li" Na" Li" Na"
Al(OH)r...C^ -740 -612 -729 -609 -732 -616
A10(0H)3^'...C^ -1273 -1102 -1257 -1099 -1258 -1105
Si(0H)4...C^ -247 -176 -244 -179 -248 -187
SiO(OH)3~...C^ -745 -622 -737 -622 -740 -627
Si02(0H)2^-...C" -1259 -1095 -1251 -1096 -1254 -1103
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A 2.11 : Deprotonation energies of the aluminosilicate fragments, and the silicate- 
cation monomer, in vacuo. The cations are omitted in product names for clarity. Each 
fragment has N coordinated cations where N is the number of aluminium species 
within the fragment. The charges on the fragments denote the degree of 
deprotonation; single charges denote singly deprotonation and so on.
Product AEo AG298K AG450K
Monomer [Si]’* -669 -620 -668 -620 -669 -622
Monomer [A l]’* -96 -59 -96 -59 -97 -60
Dimer [1 Si lA l]’* -240 -211 -253 -215 -260 -218
Dimer [1 Si l A l f +219 +239 +230 +240 +234 +240
Trimer [2 S ilA l]’* -314 -274 -318 -281 -322 -284
Trimer [2 S ilA l] ’^ + 103 +90 + 107 +93 + 107 +92
Trimer [1 S il A ll Si]’* -270 -235 -276 -244 -281 -250
Trimer [1 S il A ll S i f +45 +53 +43 +51 +41 +48
Trimer [ lS i2 A l]’* -200 -217 -200 -221 -200 -224
Trimer [ l S i 2 A l f +115 +187 + 124 +196 + 126 +199
Tetramer [3 S ilA l]’* -339 -306 -334 -306 -334 -309
Tetramer [3S il A l]’^ +17 +22 +22 +23 +23 +22
Tetramer [2S il A ll Si]’* -300 -280 -299 -296 -300 -304
Tetramer [2 S ilA llS i] ’^ + 15 +7 +21 +4 +22 +3
Tetramer [2Si2A l]’* -337 -279 -338 -279 -341 -281
Tetramer [2Si2A l]’^ +41 +57 -31 +51 -26 +48
[3MR-1A1]’* -274 -242 -270 -238 -270 -237
[3MR-1A1]’2 + 153 +120 + 149 +120 + 146 +119
[3MR-2A1]’* -224 -181 -225 -183 -226 -185
[3MR-2A1]’2 + 180 +204 + 176 +201 + 173 +199
[4MR-1A1]’* -252 -319 -242 -317 -237 -317
[4MR-1A1]’2 + 114 +75 + 112 +72 + 109 +70
[4MR-1A1]’3 +404 +413 +411 +421 +413 +423
[4MR-1A1]’" +728 +764 +724 +760 +721 +757
[4MR-2A1]’* -324 -236 -326 -237 -329 -238
[4MR-2A1]’^ +48 +81 +54 +69 +56 +62
[4 M R -2 A lf +463 +442 +460 +441 +460 +439
[4MR-2A1]’" +734 +768 +736 +777 +735 +780
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Appendix 3: Oligomer energies
Oligomer energies obtained from energy minimisation calculations using DFT with 
DMol^. The method by which these energies were obtained are described in detail in 
Chapter 3 o f this thesis.
Key to tables: C^=Li^, Na^. Oligomers with T>1 (T=Si, Al) are denoted by 
the sequence o f Si and Al within the polymer chain with the terminating hydroxyls 
and bridging oxygen atoms omitted for clarity. The coordinated cations are also 
omitted from the description o f the larger oligomers for clarity (the number o f 
cations equal to the number o f Al atoms within the fragment). The number o f cations 
coordinated is equal to the number o f T=A1 atoms. 3MR (3-membered ring) and 
4MR (4-membered ring) fragments are denoted by the number o f Al within their 
structure distributed corresponding to Loewenstein’s rule[l, 2], with the exception o f 
the 3MR-2A1 where two Al atoms are near neighbours. Charges on oligomers 
correspond to the degree o f deprotonation. Tables A3.1 and A3.2 include the 
energies o f cation-coordinated fragments only. The energies corresponding to the 
A1(0 H )4 and A1(0 H)3 0 '^ fragments were obtained from single point energies o f the 
A1(0H)4 C^ and A1(0 H)3 0 ^'C^ upon deletion o f the cation from the car file, 
respectively. The same is true for the Si(OH)4 and Si(0 H)30  and Si(0 H)302 *^ 
fragments. This was performed as part o f the calculation o f the binding energy o f the 
cation to the monomer fragments.
A3.1: Gas phase oligomer energies.
A3.2: Solution phase oligomer energies.
A3.3: Fragment energies for species not coordinated to a cation.
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A3.1 : Gas phase oligomer energies. Each energy is given in Ha.
Fragment Li Na
E()k G298K E«k G298K G4XIK
Cation C -7.2794814 -7.2794814 -7.2794814 -162.0956570 -162.0956570 -162.0956570
A l(O H )rC ' -553.6861294 -553.6625670 -553.6860879 -708.4594070 -708.4392524 -708.4640968
A I(O H )r -546.1247621 -546.1054383 -546.1277170 -546.1307204 -546.1115449 -546.1339304
A 1(0H ),0-C * -553.0916202 -553.0784453 -553.1010557 -707.8508522 -707.8411042 -707.8649982
A 1(0H ),0- -545.3272097 -545.3200514 -545.3422583 -545.3352855 -545.3269551 -545.3486039
Si(OH)4C* -600.4851429 -600.4576370 -600.4799874 -755.2790007 -755.2542950 -755.2779163
Si(OH)4 -593.1114911 -593.0853183 -593.1060757 -593.1164007 -593.0903555 -593.1112261
S i(0 H ) ,0  C -600.1086794 -600.0913026 -600.1129435 -754.8840497 -754.8698845 -754.8928106
S i(O H hO ' -592.5453622 -592.5309802 -592.5516371 -592.5516599 -592.5374613 -592.5582282
S i(0 H ),0 :-C - -599.5392693 -599.5324538 -599.5533882 -754.2982654 -754.2950028 -754.3172814
S i(0 H ),0 : ' -591.7801467 -591.7764711 -591.7964423 -591.7857109 -591.7820257 -591.8013383
Si-Al -1070.3874902 -1070.3350617 -1070.3655097 -1225.1637506 -1225.1143711 -1225.1460629
[S.-AI]- -1069.8477854 -1069.8106750 -1069.8427176 -1224.6130769 -1224.5756970 -1224.6072995
[Si-Al]-’ -1069.1332421 -1069.1025868 -1069.1317112 -1223.8908423 -1223.8635804 -1223.8939550
Si-Si-Al -1587.0771142 -1586.9971033 -1587.0351721 -1741.8542032 -1741.7780449 -1741.8177626
[S,-Si-Al]" -1586.5655656 -1586.4976357 -1586.5357331 -1741.3276257 -1741.2645466 -1741.3040825
[Si-Si-Alj- -1585.8950777 -1585.8364142 -1585.8730255 -1740.6623501 -1740.6085710 -1740.6471883
Si-Al-Si -1587.0793168 -1586.9996918 -1587.0380269 -1741.8609452 -1741.7828654 -1741.8218622
[Si-Al-Si]" -1586.5511655 -1586.4843789 -1586.5229962 -1741.3191600 -1741.2553665 -1741.2951814
[Si-Al-Si]- -1585.9029480 -1585.8473159 -1585.8854564 -1740.6678650 -1740.6155210 -1740.6549644
Al-Si-Al -1547.6716138 -1547.5942803 -1547.6348861 -1857.2199887 -1857.1487738 -1857.1918418
[Al-Si-Al]" -1547.1165481 -1547.0496786 -1547.0892112 -1856.6717017 -1856.6123557 -1856.6550409
fAl-Si-Al]- -1546.4415820 -1546.3818597 -1546.4192985 -1855.9692677 -1855.9171454 -1855.9573733
3MR-1A1 -1510.6083294 -1510.5498413 -1510.5848627 -1665.3858881 -1665.3305813 -1665.3669358
[3 M R -lA ir -1510.0816892 -1510.0322108 -1510.0657875 -1664.8469393 -1664.8005465 -1664.8351948
[3MR-1AI]- -1509.3923677 -1509.3547151 -1509.3880526 -1664.1699352 -1664.1340910 -1664.1679579
3MR-2A1 -1471.1841673 -1471.1247368 -1471.1606751 -1780.7347974 -1780.6815748 -1780.7199880
[3MR-2A1]" -1470.6384724 -1470.5897467 -1470.6249419 -1780.1724850 -1780.1306577 -1780.1685526
[3MR-2A1]' -1469.9389705 -1469.9020307 -1469.9369884 -1779.4637045 -1779.4333299 -1779.4708198
Si-Si-Si-Al -2103.7625044 -2103.6557116 -2103.7014569 -2258.5395700 -2258.4341406 -2258.4802304
[Si-Si-Si-A l]“ -2103.2604917 -2103.1624439 -2103.2067620 -2258.0248151 -2257.9301399 -2257.9759905
[Si-Si-Si-Al]' -2102.6228896 -2102.5332758 -2102.5761875 -2257.3854285 -2257.3007884 -2257.3455275
Si-Si-Ai-Si -2103.7614644 -2103.6541023 -2103.7001618 -2258.5406150 -2258.4342447 -2258.4806248
[Si-Si-Ai-Si]" -2103.2445141 -2103.1475331 -2103.1924380 -2258.0160660 -2257.9263135 -2257.9744587
[Si-Si-Al-Si]- -2102.6075344 -2102.5188853 -2102.5619820 -2257.3823618 -2257.3041082 -2257.3515454
Si-AI-Si-Al -2064.3453826 -2064.2379009 -2064.2849235 -2373.9087336 -2373.8095344 -2373.8601307
fS i - A i - S i - A ir -2063.8424296 -2063.7461821 -2063.7930150 -2373.3838766 -2373.2952834 -2373.3450615
fSi-Ai-Si-AI]- -2063.1957582 -2063.1136727 -2063.1611705 -2372.7310787 -2372.6551006 -2372.7048214
Ai-Si-Si-Al -2064.3515096 -2064.2464294 -2064.2944918 -2373.9036494 -2373.8048616 -2373.8554786
[Al-Si-Si-Al]" -2063.8352056 -2063.7398431 -2063.7864942 -2373.3826130 -2373.2941218 -2373.3436624
[Ai-Si-Si-A!]- -2063.1822416 -2063.0960834 -2063.1412610 -2372.7292641 -2372.6534965 -2372.7031998
4MR-1AI -2027.2907876 -2027.2065047 -2027.2502934 -2182.0688339 -2181.9852319 -2182.0289217
[4MR-1AI]" -2026.7556230 -2026.6779195 -2026.7186641 -2181.5591737 -2181.4853627 -2181.5278072
[4MR-1A!]- -2026.0812519 -2026.0148082 -2026.0553406 -2180.8993415 -2180.8371746 -2180.8793001
[4MR-1AI]- -2025.2961284 -2025.2377121 -2025.2761572 -2180.1109643 -2180.0563894 -2180.0963271
[4MR-1A!]" -2024.3875489 -2024.3412773 -2024.3797097 -2179.1888203 -2179.1464508 -2179.1862210
4MR-2A1 -1987.8682268 -1987.7807083 -1987.8236950 -2297.4414720 -2297.3576148 -2297.4021498
[4MR-2A1]" -1987 3606967 -1987.2842339 -1987.3269287 -2296.9000957 -2296.8271506 -2296.8709362
[4MR-2A1]- -1986.71 13166 -1986.6431427 -1986.6838378 -2296.2380373 -2296.1800866 -2296.2251989
[4MR-2AI]' -1985.9038860 -1985.8472094 -1985.8867405 -2295.4383812 -2295.3916201 -2295.4359669
[4MR-2A1]" -1984 9930534 -1984.9462508 -1984.9848825 -2294.5147301 -2294.4750507 -2294.5169913
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A3.2: Solution phase oligomer energies. Each energy is given in Ha.
Fragment Li Na
E,, G:9»k G450K E,, G29XK G4.S11K
Cation C -7.4597820 -7.4597820 -7.4597820 -162.2345330 -162.2345330 -162.2345330
A l(O H )rC ’ -553.7180490 -553.6991079 -553.7232507 -708.4899460 -708.4736392 -708.4995553
A I(O H )r -546.2344530 -546.2166935 -546.2399306 -546.2375650 -546.2197768 -546.2416202
AKOHhO-C -553.2272490 -553 2164964 -553.2396170 -707.9913480 -707.9838325 -708.0083309
A 1(0H ),0- -545.7237840 -545 7159767 -545.7383749 -545.7283210 -545.7195696 -545.7415214
Si(OH)4C -600.5842210 -600 5606363 -600.5841333 -755.3618430 -755.3404972 -755.3650945
S i(OH)4 -593.1 191010 -593.0943172 -593.1153393 -593 1205610 -593.0957500 -593.1167801
SitO H hO 'C -600.1406680 -600.1267963 -600.1493428 -754.9132270 -754.9025748 -754.9266666
S i(0 H ) ,0 “ -592.6568770 -592.6431711 -592.6637961 -592.6606830 -592.6464381 -592.6668766
SK O H hO f C' -599.6714560 -599.6670452 -599.6885457 -754.4376050 -754.4361013 -754.4588424
S i(0 H ):0 :- -592.1783410 -592.1750449 -592.1950002 -592.1781020 -592.1748218 -592.1947963
Si-Al -1070.4023570 -1070.3525613 -1070.3833537 -1225.1745630 -1225.1295145 -1225.1622795
[ S i-A lf -1069.9447760 -1069.9078697 -1069.9384708 -1224.7128140 -1224.6781976 -1224.7104348
[Si-Al]- -1069.4616170 -1069.4344922 -1069.4646580 -1224.2283540 -1224.2025767 -1224.2332049
Si-Si-Al -1587.0758930 -1586.9998767 -1587.0385243 -1741.8509470 -1741.7778807 -1741.8177929
[S i-S i-A lf -1586.6299490 -1586.5654459 -1586.6038847 -1741 3967870 -1741.3354636 -1741.3740283
[Si-Si-Al]- -1586 1649940 -1586 1090573 -1586.1459652 -1740.9341430 -1740.8815280 -1740.9197498
Si-AI-Si -1587.0802110 -1587.0038709 -1587.0426174 -1741.8562840 -1741.7834793 -1741.8236131
[Si-A l-Si]” -1586.6249130 -1586.5616442 -1586.6007048 -1741.3923880 -1741.3312193 -1741.3704825
[Si-Al-Si]-’ -1586.1657750 -1586.1130340 -1586.1515939 -1740.9291050 -1740.8804351 -1740.9207252
Al-Si-AI -1547.6804170 -1547.6088337 -1547.6501061 -1857.2253560 -1857.1611655 -1857.2063336
[Al-Si-Air -1547.2221710 -1547 1584126 -1547.1984476 -1856.7580800 -1856.7038544 -1856.7479509
[Al-Si-Al]- -1546.7324550 -1546.6785547 -1546.7169775 -1856.2712120 -1856.2186017 -1856.2581647
3MR-1A1 -1510.6200730 -1510.5659080 -1510.6019452 -1665.3930660 -1665.3432400 -1665.3811174
[3MR-1A1]" -1510.1677520 -1510.1203642 -1510.1539775 -1664.9361260 -1664.8920853 -1664.9270477
[3MR-1AI]- -1509.6979290 -1509.6605411 -1509.6933444 -1664.4656030 -1664.4324760 -1664.4670717
3MR-2AI -1471.2104830 -1471.1595359 -1471.1980432 -1780.7597280 -1780.7133145 -1780.7538103
[3MR-2AI]" -1470.7516350 -1470.7082976 -1470.7449710 -1780.2909950 -1780.2541621 -1780.2935959
[3MR-2AI]- -1470.2602870 -1470.2262877 -1470.2618545 -1779.7884280 -1779.7612968 -1779.7997340
Si-Si-Si-Al -2103.7516860 -2103.6458372 -2103.6907103 -2258.5259870 -2258.4219736 -2258.4667239
[Si-Si-Si-A I]' -2103.3096910 -2103.2156521 -2103.2604965 -2258.0796620 -2257.9882654 -2258.0341016
[Si-Si-Si-AI]- -2102.8556440 -2102.7691700 -2102.8116655 -2257.6222070 -2257.5404229 -2257.5851317
Si-Si-AI-Si -2103.7582710 -2103.6512230 -2103.6958011 -2258.5326630 -2258.4289016 -2258.4749467
[Si-Si-AI-Si]“ -2103.3114310 -2103.2185625 -2103.2636987 -2258.0824790 -2257.9943976 -2258.0416388
[Si-Si-AI-Si]- -2102.8599460 -2102.7749104 -2102.8179417 -2257.6146250 -2257.5339332 -2257.5793325
Si-Al-Si-AI -2064.3639180 -2064.2604021 -2064.3077214 -2373.9086290 -2373.8133766 -2373.8642184
[Si-AI-Si-AI]” -2063.9099610 -2063.8170877 -2063.8640211 -2373.4480140 -2373.3648648 -2373.4150800
[Si-AI-Si-AI]- -2063.4479370 -2063.3656521 -2063.4112572 -2372.9790590 -2372.9057743 -2372.9550820
Al-Si-Si-Al -2064.3565000 -2064 2565466 -2064.3040923 -2373.9019980 -2373.8088760 -2373.8591358
[Al-Si-Si-Air -2063.9129770 -2063.8216808 -2063.8689889 -2373.4525130 -2373.3692889 -2373.4199266
[AI-Si-Si-AI]- -2063.4417480 -2063.3622856 -2063.4095937 -2372.9787400 -2372.9024255 -2372.9507956
4MR-IA1 -2027.2932290 -2027.2142403 -2027.2588343 -2182.0715140 -2181.9906500 -2182.0334373
[4M R-1AI]” -2026.8534320 -2026.7802031 -2026.8219634 -2181.6211000 -2181.5508546 -2181.5935925
[4M R-IAI]- -2026.3869560 -2026 3240683 -2026.3644716 -2181.1502970 -2181.0928693 -2181.1363423
[4M R-IAI]’ -2025.9128290 -2025.8590881 -2025.8988903 -2180.6759830 -2180.6239117 -2180.6644330
[4M R-IAI]' -2025.4228570 -2025 3786361 -2025.4174225 -2180.1827570 -2180.1409137 -2180.1806042
4MR-2AI -1987.9023640 -1987 8198862 -1987.8639620 -2297.4502800 -2297.3712721 -2297.4152921
[4MR-2AI]" -1987.4456030 -1987 3744120 -1987.4177989 -2296.9891060 -2296.9199865 -2296.9645183
[4MR-2AI]-’ -1986 9822040 -1986 9178126 -1986.9592699 -2296 5160350 -2296.4584064 -2296.5028713
[4MR-2AI]' -1986.4959620 -1986.4418926 -1986.4823709 -2296.0312430 -2295.9820022 -2296.0244754
[4MR-2AI]' -19861X154160 -1985 9606306 -1986.0000022 -2295.5341840 -2295.4945222 -2295.5360816
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A3.3: Fragment energies for species not coordinated to a cation. Each energy is
given in Ha.
Fragment Gas Phase Solution Phase
E,, G298K G450K E<, G298K G4.S0K
O H ' -75.8208100 -75.8289729 -75.8393333 -75.9862470 -75.9953173 -76.0057079
H :0 -76.4519313 -76.4495744 -76.4612727 -76.4536130 -76.4518780 -76.4636018
Si(0H)4 -593.1285915 -593.1025862 -593.1236210 -593.1226710 -593.0979844 -593.1190607
S i(0 H ),0 " -592.5606619 -592.5478649 -592.5694069 -592.6615050 -592.6480638 -592.6688371
S i(0 H ):0 r -591.8011847 -591.7971120 -591.8168504 -592.1782840 -592.1749959 -592.1949527
Si Si -1109.8100864 -1109.7591011 -1109.7891329 -1109.7936630 -1109.7457346 -1109.7762400
Si-Si-Si -1626.4936401 -1626.4141762 -1626.4513742 -1626.4702960 -1626.3911047 -1626.4272727
Si-Si-Si-Si -2143 1815703 -2143.0737760 -2143.1182648 -2143.1459760 -2143.0399629 -2143.0838824
3MR-3SI -1550.0269753 -1549.9702844 -1550.0046934 -1550.0079250 -1549.9526565 -1549.9868710
4MR-4Si -2066 7156195 -2066.6294660 -2066.6707815 -2066.6832390 -2066.5998379 -2066.6411820
A K O H ) r -546 1393032 -546.1200081 -546.1430012 -546.2389490 -546.2202886 -546.2431525
AKOHhO- -545.3499431 -545.3394791 -545.3609142 -545.7303120 -545.7221857 -545.7444229
Si-Al -1062 8521316 -1062.8045731 -1062.8351376 -1062.9235560 -1062.8780785 -1062.9087099
Si-Si-AI -1579.5559861 -1579.4776161 -1579.5142800 -1579.6077680 -1579.5305652 -1579.5665307
Si-AI-Si -1579.5553234 -1579.4773090 -1579.5144576 -1579.6104740 -1579.5338182 -1579.5703513
AI-Si-AI -1532.4704690 -1532.4011374 -1532.4411022 -1532.7174480 -1532.6506742 -1532.6900984
Si-Si-Si-AI -2096.2474843 -2096.1407855 -2096.1837929 -2096.2841880 -2096.1810676 -2096.2249951
Si-Si-AI-Si -2096.2474933 -2096.1404150 -2096.1843010 -2096.2865050 -2096.1807391 -2096.2237959
Si-AI-Si-AI -2049.1870092 -2049.0836815 -2049.1284302 -2049.4128510 -2049.3084724 -2049.3507766
AI-Si-Si-AI -2049.1603639 -2049.0567619 -2049.1000787 -2049.3909980 -2049.2898773 -2049.3329516
Si-Al-Si-Si-AI -2565.8940668 -2565.7626576 -2565.8145104 -2566.0949200 -2565.9644915 -2566.0152328
AI-Si-Si-Si-AI -2565.8988696 -2565.7712540 -2565.8249215 -2566.0836370 -2565.9580849 -2566.0108354
AI-Si-AI-Si-Si -2565.9004527 -2565.7666387 -2565.8175093 -2566.0983320 -2565.9669738 -2566.0173978
Al-Si-Al-Si-Al-Si -3035.4555484 -3035.2992277 -3035.3593950 -3035.6814610 -3035.5328679 -3035.5924978
3MR-IAI -1503.0820293 -1503.0263414 -1503.0605033 -1503.1424390 -1503.0877605 -1503.1214711
3MR-2AI -1455.9739613 -1455.9220957 -1455.9570087 -1456.2508340 -1456.1998838 -1456.2344651
4MR-IAI -2019.7636289 -2019.6744664 -2019.7129673
4MR-2AI -1972.7142321 -1972.6306014 -1972.6708420 -1972.9525970 -1972.8694255 -1972.9094047
5MR-IAI -2536.4787308 -2536.3653537 -2536.4134448 -2536.5036760 -2536.3905572 -2536.4371844
5MR-2AI -2489.4220824 -2489.3128880 -2489.3621990 -2489.6306200 -2489.5235194 -2489.5724062
6MR-3AI -2958.9840897 -2958.8474500 -2958.9036466 -2959.4319250 -2959.2968305 -2959.3513687
D4R-IAI -3780.6969953 -3780.5877786 -3780.6467722 -3780.6914810 -3780.5822516 -3780.6382887
D4R-2AI -3733.6645229 -3733.5552791 -3733.6126860 -3733.8314180 -3733.7279723 -3733.7865130
D4R-4AI -3639.2501207 -3639.1445797 -3639.2022641 -3640.0672280 -3639.9700700 -3640.0299693
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Szostak, R., Molecular Sieves, ed. S. Edition. 1998: Blackie Academic and 
Professional.
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Appendix 4: Oligomer geometries
The solution phase oligomer geometries obtained from energy minimisation 
calculations performed using DFT within DMol^[l-3], as outlined in Chapter 3. The 
corresponding Cartesian coordinates are printed alongside the oligomer figures and 
are formatted in the order: Atom label, coordinate in x, coordinate in y, coordinate in 
z. The atom types and charges are default to DMol^ output.
The fragments shown are those corresponding to the condensation reactions 
presented in Chapter 5.
Key to figures: Silicon (SI) atoms are yellow, aluminium (AL) lilac, oxygen 
(O) red, hydrogen (H) white, lithium (LI) blue and sodium (NA) purple. Charge on 
the fragments denote the degree o f deprotonation; single charges denote single 
deprotonation, and so on.
A4.1: Monomeric species 
A4.2: Dimeric species 
A4.3: Trimeric species 
A4.4: Tetrameric species
The figures within each subsection, A4.1 -  A4.4 are given in order o f increasing 
degree o f deprotonation, with the chain oligomers present first followed by the ring 
fragments.
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A 4.1 : Monomeric species 
A4.1.1: Silicate monomer, Si(OH)4
O l -0.996872050 -0.993192675 -0.897441835
SI2 0.001251366 0.000936320 0.000795676
0 3 -0.378313297 0.094589971 1.625188264
0 4 1.541380276 -0.638572040 -0.101061609
0 5 -0.161216252 1.542103976 -0.623704277
H6 -1.272434184 0.483324099 1.785682133
H7 -0.943811437 -1.939967949 -0.619752291
H8 0.007472787 1.579045022 -1.596636576
H9 2.202542789 -0.128266725 0.426930514
A4.1.2: Silicate lithium-monomer, Si(OH)4Li^
A4.1.3: Silicate sodium-monomer, Si(OH)4Na^
01 0.223848742 -1.926471821 -0.196125641
S12 -0.270181992 -0.349350890 -0.051227553
0 3 -1.918808799 -0.165598601 -0.074280423
0 4 0.289453421 0.495309021 1.287621879
0 5 0.603094878 0.545961348 -1.171379779
H6 -2.367758796 -0.770387164 -0.713961235
H7 -0.348748537 -2.560723881 0.301615297
H8 0.822113700 0.098395670 -2.023569218
H9 -0.310956975 0.508802893 2.071213070
LI 1.498315658 1.813017700 0.208600216
i ( ) 4 a
O l -1.155417415 -1.571817347 0.045416687
S12 -0.335764152 -0.139841206 0.253868148
0 3 -0.962109732 0.796056355 1.477825415
0 4 1.310681926 -0.256011514 0.548983968
0 5 -0.248196129 0.574622147 -1.260436052
H6 -1.950302897 0.794794184 1.505996599
H7 -1.420761563 -2.001272542 0.894488267
H8 -1.028276051 0.404001480 -1.841431820
H9 1.560179496 -0.269059358 1.504576467
NA 2.193481126 0.748754707 -1.520621044
A4.1.4: Silicate monomer - singly deprotonated, Si(0 H )30
Ol -0.931396681 -0.966972171 -0.928102957
S12 0.002890649 0.052989113 0.089471280
0 3 -0.352398798 0.103529343 1.639597562
0 4 1.615506155 -0.446091421 -0.252584118
0 5 -0.218357212 1.566175773 -0.680144715
H7 -0.903508324 -1.892758480 -0.588076257
H8 -0.069697843 1.502770476 -1.653198371
H9 2.129912140 -0.403135060 0.587907372
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A4.1.5: Silicate lithium-monomer - singly deprotonated, Si(0 H)30  Li^
Ol -1.744923353 -0.587303648 -0.803326217
SI2 -0.221827554 -0.010061112 -0.335446729
0 3 0.515324297 0.383931565 -1.810987754
0 4 -0.581935775 1.416107413 0.560814666
0 5 0.663575407 -0.836124672 0.717454405
H6 1.496467714 0.340776474 -1.711832089
H7 -1.712334040 -1.036829996 •1.681883186
H9 -1.376223728 1.919456121 0.265395896
L1 0.385934185 0.425400689 2.134935336
A4.1.6: Silicate sodium-monomer - singly deprotonated, Si(0 H)30  Na^
O l -0.510730466 -1.886003318 0.622094887
S12 -0 506739129 -0.243203979 0.281009838
0 3 -1.245060986 0.439170809 1.631029876
0 4 1.196941111 0.097802596 0.290893339
0 5 -0.971922007 0.318255912 -1.126389076
H6 -1.726617215 1.252820288 1.405447911
H7 -1.309662526 -2.187152520 1.085141235
H9 1.698048339 -0.338497472 1.000807973
NA 0.962442652 0.809813524 -1.893497671
A4.1.7: Silicate monomer - doubly deprotonated, Si(0 H)302 2-
O l -0.954246857 -1.002856696 -0.940978022
S12 -0.066313897 -0.057654101 0.029336084
0 3 -0.351388179 0.103739696 1.615174709
0 4 1.617091249 -0.568965535 -0.189523915
0 5 -0.057690343 1.583802388 -0.640482164
H8 -0.148826515 1.490014426 -1.618170555
H9 2.131352476 -0.176887648 0.555326805
A4.1.8: Silicate lithium-monomer - doubly deprotonated, Si(0 H)302 Li^
O l -1.300467541 0.190545301 -0.018082799
S12 0.363315194 0.358065504 0.458430631
0 3 1.089160570 -0.606160051 -0.791067744
0 4 0.793970876 1.935599929 0.429049559
0 5 0.717960098 -0.265647836 1.927590926
H6 1.757744105 -1.186900589 -0.357432203
H9 -1.706768309 1.087229436 0.048073883
L1 1.354840906 1.558882249 2.276217048
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A4.1.9: Silicate sodium-monomer - doubly deprotonated, Si(0 H)302^”Na^
01 1.228285127 -1.001347108 1.393069417
S12 0.188737259 -0.564810464 0.054418034
0 3 0.694489593 -1.748784662 -1.140327791
0 4 -1.394222662 -0.788939517 0.370181115
0 5 0.591805622 0.950638915 -0.377253783
H6 -0.129832848 -2.172099265 -1.478493601
H7 1.105238722 -1.959306135 1.595874770
NA -1.686113409 1.477823341 -0.146987255
A4.1.10: Aluminate monomer, Al(OH)4"
O l -1.021287013 1.126652197 1.097288583
AL2 0.062705921 0.098488620 0.091311342
0 3 -0.699708357 -0.489190266 -1.433521251
0 4 1.453930276 1.200901974 -0.215417082
0 5 0.568527316 -1.378305074 0.993068499
H6 -1.166339379 0.237122575 -1.907080291
H7 -1.552273694 0.581063061 1.720644142
H8 0.281574846 -2.200764424 0.535086436
H9 2.072853788 0.824024908 -0.881386674
A4.1.11: Aluminate lithium-monomer, Al(OH)4 Li^
Ol -1.031204663 -0.530026296 0.836177318
AL2 -0.045486754 0.793727660 0.074116916
0 3 0.063190083 2.310575496 1.003326362
0 4 1.411003476 -0.295048353 0.147913191
0 5 -0.549653815 1.135440256 -1.597903524
H6 0.345710115 2.180482091 1.937496398
H7 -2.007453080 -0.438129880 0.882567315
H8 -0.699361243 2.090218303 -1.779562217
H9 2.229249940 -0.048543867 -0.334954534
L1 0.413298342 -1.833191032 0.753844148
A4.1.12: Aluminate sodium-monomer, Al(OH)4 Na^
Ol -0.755642675 0.627607610 1.047199756
AL2 0.274417953 0.416038589 -0.428190667
0 3 0.014322177 1.623473114 -1.724660274
0 4 1.824391723 0.605760172 0.493494466
0 5 0.104488306 -1.218332152 -1.138109406
H6 0.087865351 2.549885659 -1.398106122
H7 -1.710895680 0.422909059 0.939681028
H8 -0.089662019 -1.206489545 -2.102615809
H9 2.646320815 0.407473320 -0.008463465
NA 0.929233919 0.497549305 2.646251204
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A4.1.13: Aluminate monomer - singly deprotonated, A1(0 H)30 2 -
O l -1.045554340 1.101177555 1.062030818
AL2 0.020741438 0.049655034 -0.024516154
0 3 -0.589550434 -0.402126869 -1.563592819
0 4 1.567721156 1.062442651 -0.096693313
0 5 0.386232010 -1.368030193 1.120182973
H7 -1.367784107 0.551883262 1.811155937
H8 0.268398940 -2.193317581 0.597141471
H9 1.901856250 1.003275167 -1.020329777
ngly deprotonated, A1(0 H)30^ Li^
Ol -0.315753754 -1.326501971 0.216418813
AL2 -0.123874973 0.282389714 0.839386047
0 3 1.219879197 0.552008556 2.038938530
0 4 0.227038723 1.142536476 -0.788889241
0 5 -1.521904220 1.226103477 1.524140390
H6 1.800329431 -0.243780376 2.042144287
H8 -1.329949581 1.487685026 2.453038327
H9 -0.235243961 2.006023979 -0.879672983
LI -0.149286771 -0.686663138 -1.502946277
A4.1.15: Aluminate sodium-monomer - singly deprotonated, A1(0 H)30  "Na^
O l -0.492311126 -1.736061582 0.408693054
AL2 -0.230864408 -0.521551632 -0.789636929
0 3 -1.607849747 0.673727935 -0.979075072
0 4 1.313652374 0.347664311 -0.219797335
0 5 0.201669712 -0.961896217 -2.514481525
H6 -2.220157296 0.515649258 -0.223841638
H8 -0.550575071 -0.741185326 -3.107979277
H9 1.850700417 0.660158171 -0.983965983
NA 1.424126257 -1.298858936 1.511748407
A 4 .2 : Dimeric species 
A4.2.1: Silicate dimer, [Si-Si], (0H)3Si-0-Si(0H)3
O l 1.632122530 -0.426566650 -1.3% 852047
0 2 -1.238954230 -0.587630387 -1.431197265
S13 -1.494435125 0.164286185 0.043492876
0 4 -2.467681575 -0.680719845 1.099878695
SI5 1.584211229 -0.035469199 0.224933967
0 6 2.029210676 -1.275145211 1.247192887
0 7 0.027209406 0.351973934 0.688150647
0 8 -2.250886873 1.614828407 -0.257755904
0 9 2.640701355 1.220567122 0.522702000
HIO -2.019588247 -1.477410977 1.476305349
H ll 2.532807325 1.959746936 -0.124618094
H12 -2.042394626 -0.667234460 -2.000390093
H13 2.949332416 -1.594591131 1.083195595
H14 0.716826394 -0.613284026 -1.735209671
H15 -2.598480658 2.046649304 0.560171056
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A4.2.2: Aluminosilicate lithium-dimer, [Si-AlJLi^, [(0H)3Si-0-Al(0H)3]Li^
O l -0.527940874 -1.859259921 -0.126623299
0 2 -0.356675937 -0.509969537 2.304282154
AL3 0.382253677 0.929107902 1.501751598
0 4 1.599850970 1.680943638 2.541114242
SI5 0.232106972 -0.679764879 -1.040689664
0 6 1.133915562 -1.410166329 -2.246648575
0 7 1.039783968 0.382028121 -0.095594881
0 8 -0.973860004 1.98545%80 0.940198240
0 9 -0.901392581 0.272354320 -1.890655640
HIO 2.051233920 2.448099573 2.122253610
H ll -1.546099163 -0.262578647 -2.413416237
H12 0.288674413 -1.025609854 2.839254752
H13 1.725114442 -2.113595763 -1.885269969
H14 -0.555463876 -1.525606089 0.829253161
H15 -1.570102396 2.311434051 1.651806295
LI -1.641428998 1.795432664 -0.840114247
A4.2.3: Aluminosilicate sodium-dimer, [Si-Al]Na% [(0H)3Si-0-Al(0H)3]Na^
O l -0.611447230 -2.113801285 0.201508185
0 2 1.232408497 -0.989162044 1.899268794
A U 1.520999264 0.494715769 0.916071162
0 4 3.232824703 0.599179155 0.465238466
S15 -0.812887761 -0.749242451 -0.742991452
0 6 -1.053187008 -1.235040663 -2.329715299
0 7 0.385119631 0.341177343 -0.496482155
0 8 0.792144696 1.979435279 1.615080373
0 9 -2.199249270 0.147821425 -0.361612861
HIO 3.477024267 1.470468148 0.078665879
H ll -3.050567010 -0.314319823 -0.548535980
H12 2.046617194 -1.486184480 2.139638384
H13 -0.494991166 -2.016913773 -2.556918325
H14 0.087559408 -1.892797274 0.901322888
H15 1.198410553 2.314044801 2.445419646
NA -1.206595024 2.222382848 0.425362652
A4.2.4: A l u m i n o s i l i c a t e  l i t h i u m - d i m e r  -  s i n g l y  d e p r o t o n a t e d ,  [ S i - A l ]  L i ^ ,  
[ ( 0 H ) 2 0 S i - 0 - A l ( 0 H ) 3 ] " L i ^
O l 0.221445031 -2.796702788 0.240988125
0 2 0.815978695 0.536798308 2.784546876
A U 0.871360453 1.041193759 1.066262364
0 4 2.178694667 2.250763799 0.860981968
SI5 0.120063517 -1.416727255 -0.786208294
0 6 0.825621982 -1.987462029 -2.235424308
0 7 1.121285858 -0.268862654 -0.116933066
0 8 -0.797713478 1.697150394 0.733610110
0 9 -1 384909788 -0.936414125 -1.103577868
HIO 2.514810605 2.260011030 -0.063665075
H12 1.712465224 0.392003510 3.162398579
H13 1.750636793 -2.290741660 -2.079197289
H14 0.316655339 -2.488986190 1.172921646
H15 -1.183996700 2.169068963 1.505916481
LI -1.936919403 0.665285874 -0.402958120
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A4.2.5: Aluminosilicate sodium-dimer -  singly deprotonated, [Si-Al] Na^,
[(0H)20Si-0-Al(0H)3]~Na^
O l 0.693522158 -0.689279381 -2.329877084
0 2 0.863288488 2.042027644 -1.441248649
A U -0.255351341 1.666011009 -0.071880011
0 4 -1.605920578 2.832372675 -0.049464759
SI5 -0.112361359 -1.325903494 -0.952309268
0 6 -1.332812442 -2.338144623 -1.607610065
0 7 -0.847863426 -0.015492067 -0.207719699
0 8 0.719152257 1.576375168 1.446042148
0 9 0.811427823 -2.176160490 0.050078141
HIO -2.431102214 2.397742290 0.264718901
H12 0.420192505 2.571638881 -2.140523321
HI3 -1.870646167 -1.832562746 -2.261752351
H14 0.823085751 0.292142195 -2.177083958
H15 1.320022972 2.339616750 1.600245424
NA 0.885250284 -0.725595422 1.828962072
A4.2.6: Aluminosilicate lithium-dimer -  doubly deprotonated, [Si-Al]^'Li^, 
[(0H)02Si-0-Al(0H)3]^Lr
O l 2.144152373 -1.780597506 -0.766662802
0 2 0.320691649 -1.880318067 1.298845470
A U -0.196605364 -0.198787078 1.005773071
0 4 -0.549203749 0.745208304 2.488551018
SI5 1.800114156 -0.272093745 -1.284876562
0 6 3.297803302 0.576891081 -1.585526771
0 7 1.003968817 0.626020379 -0.042953023
0 8 -1.677120896 -0.113992510 -0.083503855
0 9 0.845281862 -0.056038912 -2.599626477
HIO 0.164274745 1.401803031 2.651540265
H13 3.994137107 0.130568042 -1.051016213
H14 1.026250803 -1.990053560 0.568739804
H15 -2.066441316 -1.003595179 -0.239361953
LI -0.596414703 0.622338945 -1.605539410
A4.2.7: Aluminosilicate sodium-dimer -  doubly deprotonated, [Si-Al]^"Na\ 
[(0H)02Si-0-Al(0H)3]^'Na^
O l -1.4798% 593 -2.247474672 0.802161676
0 2 1.068405886 -1.414625119 1.388252867
A U 1.144586498 -0.357092433 -0.051909027
0 4 2.685245552 -0.421796913 -0.978620237
S15 -1.734467225 -1.355541440 -0.549482897
0 6 -2.239548504 -2.460207918 -1.822915490
0 7 -0.242322963 -0.716737173 -1.123663072
0 8 0.924563463 1.392987668 0.445099799
0 9 -2.791544574 -0.112618108 -0.522469841
HIO 2.579006634 -1.006984667 -1.762363127
H12 0.125427579 -1.799199241 1.286334471
H13 -1.963155446 -3.362495756 -1.535841141
H15 0.804207897 1.428863094 1.421589569
NA -1.226545295 1.557546447 -0.629811545
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A4.3: Trimeric species
A4.3.1: Low-Al aluminosilicate lithium-trimer, A1 at end of T-T-T chain
[Si-Si-Al]Li\ [(0H)3Si-0-Si(0H)2-0-Al(0H)3]Lr
Ol -1.399331100 1.679371849 -1.046774206
SI2 -2.010803153 0.153559721 -1.458686346
0 3 -0.643091878 -0.767532333 -1.666799946
0 4 -2.988554326 -0.495344746 -0.280262406
0 5 -2.962572245 0.230984721 -2.814024836
H6 -2.104819983 2.333392149 -0.819489513
H7 -2.568167735 0.777417155 -3.534470595
H8 -2.411883214 -0.979198000 0.371723816
0 9 1.269451863 0.171359116 0.037317002
SIIO 0.428184678 -1 154429177 -0.419902215
O il 1.487907231 -2.298242941 -1.018887812
0 1 2 -0.541769346 -1.731771233 0.831997415
H13 -0.114097303 -1.426362252 1.694490605
H14 1.041172653 -3.134579298 -1293396973
0 1 5 3.641376819 0.711918423 1.735418731
AL16 1.874247784 0.700600460 1.718892836
0 1 7 1.052103455 -0.551520624 2.69380%  10
0 1 8 1.134751557 2.318091777 1.466038333
H19 4.008948587 -0.089991529 2.169588442
H20 1.392843132 3.056802863 2.060747541
H21 1271006831 -0.594187219 3.652228945
LI 0.415431998 2.009021585 -0.283496690
A4.3.2: Low-Al aluminosilicate sodium-trimer, A1 at end o f T-T-T chain 
[Si-Si-Al]Na\ [(0H)3Si-0-Si(0H)2-0-Al(0H)3]Na^
Ol -1.503697480 1.546016176 -1.468135347
SI2 -1.708520206 -0.086015078 -1.829484153
0 3 -0.163513662 -0.705592398 -1.781355913
0 4 -2.700586287 -0.884020404 -0.754771065
0 5 -2.357461669 -0.149808418 -3.357593412
H6 -2.352136834 2.010662365 -1.263557446
H7 -2.626062279 -1.0650358% -3.615831103
H8 -2.125380247 -1.310588393 -0.057305912
0 9 1.374814762 0.187951412 0.298678239
SllO 0.690539557 -1.131281958 -0.394778367
O il 1.782529295 -2.239342469 -1.010524843
0 1 2 -0.401765555 -1.830550351 0.679999096
H13 -0.290018779 -1.358345113 1.581259837
H14 2.399720116 -2.574605929 -0.318051080
0 1 5 3.072397869 0.36% 80644 2.780195012
AL16 1.477921987 0.654459289 2.063080770
0 1 7 0.148983902 -0.317266574 2.812595375
0 1 8 1.123542053 2.388799499 1 835139615
H19 3.219015861 -0.568413449 3.034675873
H20 1.104230514 2.942847572 2.645901008
H21 0.431534422 -0.824725766 3.605796080
NA 0.494838336 2.3% 776806 -0.411378755
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A4.3.3: Low-Al aluminosilicate lithium-trimer, A1 at centre o f T-T-T chain
[Si-Al-Si]Li\ [(0H)3Si-0-Al(0H)2-0-Si(0H)3]Lr
O l -1.198828665 1.223941791 -2.224863761
SI2 -2.074414977 0.146435591 -1.292671439
0 3 -1.154688401 -1.091086742 -0.760609042
0 4 -2.685381449 0.894154834 0.116430639
0 5 -3.459874928 -0.290787901 -2.124429465
H6 -0.220511819 1.043291224 -2.053311369
H7 -3.256788038 -0.585502041 -3.045261434
H8 -3.216753406 1.702281991 -0.081651096
0 9 0.925458978 -0.814198875 1.222186837
ALIO 0.625893392 -1.154819688 -0.518811621
O il 1.282925573 0.310086597 -1.388689591
0 1 2 1.407219066 -2.610004353 -1.136565149
H13 1.023074712 -3.450167484 -0.800954693
H14 1.918399491 0.108634360 -2.112065709
0 1 5 2.263385067 0.456726670 3.327416322
S116 1.336168682 0.594140531 1.937627615
0 1 7 -0.131050543 1.250805147 2.515956325
0 1 8 2.098328823 1.643398933 0.880371749
H19 3.205836753 0.242242999 3.120986646
H20 1.909671130 1.316255519 -0.056571036
H21 -0.018794327 2.151506749 2.905224982
LI -1.940468749 0.860914496 1.912572025
A4.3.4: Low-Al aluminosilicate sodium-trimer, A1 at centre of T-T-T chain 
[Si-Al-Si]Na\ [(0H)3Si-0-Al(0H)2-0-Si(0H)3]Na^
O l -0.006274677 1.077304640 -2.578627391
SI2 -1.389864854 0.388822362 -1.939820641
0 3 -1.043823144 -0.913443245 -1.000988378
0 4 -2.210701903 1.380576401 -0.845740074
0 5 -2.469601227 0.117154234 -3.190676109
H6 0.783714183 0.705082515 -2.072384709
H7 -2.029358740 -0.311363421 -3.963855710
H8 -2.545144313 2.233595426 -1.210670865
0 9 0.345287974 -1.176159796 1.400006722
ALIO 0.535437822 -1.498844350 -0.362167350
O il 1.774607351 -0.303784262 -0.957459789
0 1 2 0.951704768 -3.154753948 -0.794204957
H13 0.311033126 -3.823600557 -0.462093214
H14 2.536246207 -0.691343393 -1.444421333
0 1 5 1.630224191 -0.666320075 3.850981939
SI16 1.115284114 -0.090503521 2.364856575
0 1 7 -0.129309438 0.994811922 2.723576046
0 1 8 2.419422505 0.601359463 1.581526865
H19 2.473399129 -1.175157212 3.771440565
H20 2.341486883 0.395510396 0.596814817
H21 0.115955240 1.730315300 3.333865073
NA 1.860608634 0.133895630 1.214265642
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A4.3.5: High-Al aluminosilicate lithium-trimer, [Al-Si-Al]2Li\
[ (0 H )3 A l-0 -S i(0 H )2 -0 -A l(0 H )3 ]2 L r
O l -1.903226976 -2.542659545 -2.542297271
AL2 -1.484666927 -1.642815918 -1.083396209
0 3 0.311446224 -1.363498757 -0.897581647
0 4 -2.171839800 0.018208537 -1.150941293
0 5 -1.618175905 -2.481220782 0.499983770
H6 -1.688495227 -3.499426163 -2.456812610
H7 -2.506679566 -2.554147102 0.910387135
H8 -2.978694304 0.100526743 -1.708387546
0 9 0.614348289 1.266436901 -0.241026303
SIIO 1.154431496 0.029698724 -1.190622719
O il 1.038149070 0.465632811 -2.818516289
0 1 2 2.794213138 -0.146944517 -0.854551440
H13 3.241444963 -0.723196709 -1.518116211
H14 0.356980660 -0.063942497 -3.292732830
0 1 5 0.616027733 -0.328446741 2.169258567
AL16 0.539809578 1.370601510 1.574765838
0 1 7 -1.123776197 2.057810366 1.546332088
0 1 8 1.816115834 2.346730268 2.303494227
H19 1.253120990 -0.472120111 2.905082907
H20 1.747144286 3.304367625 2.086991197
H21 -1.642005593 2.045863656 2.379859303
L122 -1.435096877 1.604463734 -0.333612561
L123 0.139786309 -1.875984516 1.141978046
A4.3.6: High-Al aluminosilicate sodium-trimer, [Al-Si-Al]2Na% 
[(0H)3Al-0-Si(0H)2-0-Al(0H)3]2Na^
O l -0.707518212 -1.035423898 -3.494387544
AL2 -0.574651941 -1.361987792 -1.754532720
0 3 -0.280752222 0.081181624 -0.706722757
0 4 -2.155604425 -1.833785924 -1.049064804
0 5 0.824291064 -2.391602148 -1.303956751
H6 0.142036535 -1.171200136 -3.972479134
H7 0.829850783 -3.286605728 -1.711085622
H8 -2.762062053 -2.327137712 -1.644358966
0 9 0.546394925 2.011572510 1.029309019
SIIO 0.650350072 1.416204118 -0.490189322
O il 0.233280369 2.685829732 -1.517555570
0 1 2 2.228390976 0.870625449 -0.838001075
H13 2.902158055 1.542371695 -0.571698680
H14 0.204989925 2.402608645 -2.462153500
0 1 5 1.498845145 -0.340035700 2.336883621
AL16 0.364738723 1.049189179 2.543250650
0 1 7 -1.302701077 0.368808584 2.675159890
01 8 0.633783901 2.081999639 3.969089237
H19 1.510011168 -0.944654261 3.114469847
H20 1.438374750 2.641899757 3.881884501
H21 -1.880796930 0.933404595 3.238230829
NA22 -2.304054107 -0.217200643 0.652256113
NA23 2.120216.309 -1.313008571 0.311774327
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A4.3.7: Low-Al aluminosilicate lithium-trimer -  singly deprotonated, A1 at end of
T-T-T chain, [Si-Si-Al]“ L r , [(0H)20Si-0-Si(0H)2-0-Al(0H)3]"Lr
Ol -1.258540050 2.013680389 -0.722550363
SI2 -1.943563368 0.669591295 -1.259293870
0 3 -1.472096590 -0.747846726 -0.441181931
0 4 -3.631613149 0.700879979 -1.109889704
0 5 -1.549187550 0.269659972 -2.881997861
H6 2.072879467 2.418015006 2.300617980
H7 -1.241726005 1.076763630 -3.358901489
H8 -4.022104486 -0.184716760 -1.304949276
0 9 1.137883804 -0.088008253 0.028462923
SIIO 0.111340315 -1.300951859 -0.415120101
O il 0.433237933 -1.895081850 -1.960490960
0 1 2 0.251453664 -2.594795460 0.633894031
H13 0.775646350 -2.281561830 1.437267673
H14 -0.088691782 -1.352300390 -2.606598190
01 5 3.903127852 0.262703279 1.143875350
AL16 2.173119189 0.154439544 1.514084588
0 1 7 1.663321496 -1.216236947 2.552154217
0 1 8 1.475270293 1.776952030 1.856434831
H19 4.335123330 -0.621042499 1.116183604
H21 2.312683762 -1.494947511 3.237316101
LI 0.342003084 1.840053421 0.216084437
A4.3.8: Low-Al aluminosilicate sodium-trimer -  singly deprotonated, A1 at end of 
T-T-T chain, [Si-Si-AirNa% [(0H)20Si-0-Si(0H)2-0-Al(0H)3]~Na^
Ol -1.465119399 1.282046464 -1.901839810
SI2 -1.564630302 -0.304071643 -2.060369681
0 3 -0.133804078 -1.143416358 -1.622858631
0 4 -2.795891921 -1.081544116 -1.162750841
0 5 -1.869234371 -0.744783880 -3.671760420
H7 -1.883506294 -1.725126592 -3.788555744
H8 -2.456373818 -1.248223365 -0.247503834
0 9 1.309721359 0.273738153 0.264163926
SIIO 0.573349170 -1.145137021 -0.120606236
O il 1.677275742 -2.412660236 -0.252585210
0 1 2 -0.625520833 -1.497420089 1.014683271
H13 -0.447458921 -0.942097989 1.835098166
H14 2.277285354 -2.446220726 0.529993073
01 5 3.151283223 1.292695942 2.395053833
AL16 1.469058707 1.172670147 1.835905788
0 1 7 0.416097806 0.191671250 2.911653195
01 8 0.845733505 2.769340844 1.312992088
H19 3.418834122 0.485603055 2.890344293
H20 1.218630086 3 541536131 1.793032528
H21 0.214207341 0.561295281 3.798954736
NA 0.288259525 2.264299041 -0.910111261
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A4.3.9; Low-Al aluminosilicate lithium-trimer -  singly deprotonated, A1 at centre o f
T-T-T chain, [Si-Al-SiFLi^, [(0H)20Si-0-Al(0H)2-0-Si(0H)3]"Li^
Ol -1.285309388 0.245390760 -3.781087865
SI2 -1.709471211 0.021182200 -2.130481312
0 3 -0.684414917 -1.167020074 -1.574939555
0 4 -1.763627277 1.376154367 -1.261084080
0 5 -3.298001970 -0.608404642 -2.247107217
H6 -0.328082237 0.039956206 -3.900676703
H7 -3.310159160 -1.396212821 -2.840632549
0 9 0.152628553 -0.069216352 1.017353763
ALIO 0.402248900 -1.410082318 -0.202149887
O il 2.155566694 -1.206805125 -0.620898966
0 1 2 0.150297606 -3.016372239 0.525394342
H13 -0.722635880 -3.374993519 0.247015020
H14 2.649073931 -2.057171697 -0.649574288
0 1 5 1.172580151 0.816849145 3.504678026
S116 1.258888691 0.839820402 1.832017805
0 1 7 0.708407922 2.384730335 1.395598255
0 1 8 2.812727641 0.484363711 1.355530517
H19 1.759116648 0.122038263 3.890117490
H20 2.742857273 -0.173188103 0.575978528
H21 1.026739253 3.128410775 1.960091766
LI -0.885966200 1.578934657 0.312451349
A4.3.10: Low-Al aluminosilicate sodium-trimer -  singly deprotonated, A1 at centre 
o f T-T-T chain, [Si-Al-Si]"Na^ [(0H)20Si-0-Al(0H)2-0-Si(0H)3]"Na^
Ol 1.034537827 1.457551510 -3.855673346
S12 0.004552216 1.394458340 -2.479441712
0 3 0.484873923 0.019877250 -1.658398692
0 4 -0.003276867 2.702692846 -1.547507015
0 5 -1.542540022 1.176249975 -3.191326918
H6 1.840528923 0.916057835 -3.681543765
H7 -1.476729214 0.579256458 -3.973642686
0 9 -0.282469436 -0.494916771 1.038521576
ALIO -0.164578737 -1.255721630 -0.615815457
O il 1.059425241 -2.564352908 -0.387898626
0 1 2 -1.731189881 -1.895365887 -1.170003130
H13 -2.150061283 -1.268129349 -1.804039059
H14 0.786046413 -3.440379784 -0.742094220
0 1 5 -0.119402472 -0.702409453 3.838368146
S116 0.672140841 -0.695810297 2.356974628
0 1 7 1.575596807 0.738482704 2.377788376
0 1 8 1.605917224 -2.077429275 2.237443573
H19 -0.447286825 -1.606683745 4.063519130
H20 1.494125529 -2.430063868 1.291392475
H21 2.095115287 0.889061811 3.202746340
NA 0.595631846 1.823120313 0.451664317
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A4.3.11: High-Al aluminosilicate lithium-trimer -  singly deprotonated,
[Al-Si-Al]“2Lr, [(0H)3Al-0 -Si(0H)(0 )-0 -Al(0H)3]"2L r
O l -1.179113939 -0.960537951 -3.483448137
AL2 -0.935284479 -0.840355482 -1.726796547
0 3 -0.695895812 0.831629961 -1.101210035
0 4 -2.366936757 -1.186372086 -0.665782057
0 5 0.404932702 -1.959178716 -1.259073325
H6 -1.793598048 -0.274310325 -3.828664594
H7 0.879594299 -2.298733198 -2.051478054
H8 -2.424701328 -2.119900223 -0.362435984
0 9 0.658995330 2.254726411 0.720147168
SIIO 0.768823700 1.646697233 -0.840610955
O il 0.701761194 2.997321907 -1.897381190
0 1 2 2.067918751 0.717923145 -1.089801298
H14 1.621396098 3.232510868 -2.161511229
0 1 5 1.088231849 -0.415015527 1.701944263
AL16 0.315347183 1.182012455 2.097507618
0 1 7 -1.459608860 0.776064699 2.177263216
0 1 8 0.787919346 1.920843475 3.649825653
H19 0.745616606 -1.151759915 2.256949652
H20 1.559279778 2.521623061 3.541159070
H21 -1.976322822 1.497225141 2.605114359
LI22 -2.055033238 0.453799230 0.368923234
LI23 1.688802301 -0.875210181 -0.149773203
A4.3.12: High-Al aluminosilicate sodium-trimer -  singly deprotonated, 
[Al-Si-Al]"2Na\ [(0H)3Al-0-Si(0H)(0)-0-Al(0H)3]'2Na^
O l -0.359916087 -0.321060921 -3.909805042
AL2 -0.212350090 -0.542905834 -2.137941459
0 3 -0.563653088 0.960750093 -1.243826147
0 4 -1.451962928 -1.622051217 -1.376254969
0 5 1.416816788 -1.264549186 -1.817868692
H6 -0.897859865 0.473990946 -4.126707237
H7 2.008938279 -1.123171390 -2.591730061
H8 -1.287898241 -2.583380068 -1.499324912
0 9 -0.321956827 1.464421755 1.336911832
SIIO 0.286652937 1.934231682 -0.162394183
O il -0.375780373 3.511353309 -0.407985940
0 1 2 1.890511976 1.921776797 -0.309082996
H14 0.368201289 4.115474175 -0.633829922
0 1 5 1.645999499 -0.543779811 2.113705260
AL16 0.139204410 0.317249542 2.620206236
0 1 7 -1.186513469 -0.920664378 2.645442763
0 1 8 0.214783558 1.085903212 4.232274368
H19 1.750803347 -1.405109395 2.578427628
H20 0.633512257 1.974787263 4.195691424
H21 -1.857210207 -0.704391930 3.332505947
NA22 -1.989253849 -0.245637509 0.465974995
NA23 2.575685230 -0.230339658 -0.014590477
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A4.3.13: Low-Al aluminosilicate lithium-trimer -  doubly deprotonated, A1 at end of
T-T-T chain, [Si-Si-Al]^ L i \  [(0H )20Si-0-Si(0H )(0)-0-A l(0H )3]^ L r
O l 0.527313992 0.686132723 -2.419778862
SI2 -0.229009807 1.743093565 -1.465014160
0 3 0.481574730 1.851654653 0.080212400
0 4 -0.249575635 3.324029434 -2.107029932
0 5 -1.869366336 1.426138788 -1.138089357
H6 0.991773573 -3.241040659 -1.764904843
H7 -1.851222099 0.885158665 -0.279970167
H8 0.404942262 3.376243873 -2.842649711
0 9 1.428149871 -0.633806755 0.543353846
SIIO 0.333978675 0.501875352 1.119667088
O il -1.205003383 0.009599155 1.203237787
0 1 2 0.922448087 1.041090547 2.630623058
H13 1.902608208 0.937029353 2.652521925
0 1 5 -0.456180329 -2.820898223 1.034101514
AL16 1.200850457 -2.440624794 0.496147849
0 1 7 2.469342506 -3.336463552 1.375234171
0 1 8 1.543517537 -2.584593902 -1.287357032
H19 -0.906667835 -1.930321732 1.123516277
H21 2.167115280 -3.614094347 2.269309515
LI 1.477452632 -0.633589914 -1.534156667
A4.3.14: Low-Al aluminosilicate sodium-trimer -  doubly deprotonated, A1 at end o f 
T-T-T chain, [Si-Si-AI]^-Na% [(0H)20Si-0-Si(0H)(0)-0-AI(0H)3]^-Na^
Ol -2.197461700 1.565561947 -1.219766005
S12 -1.891998890 0.155542223 -1.922988012
0 3 -0.219335001 -0.172529262 -2.054773204
0 4 -2.527818539 -1.228125942 -1.163856331
0 5 -2.501977605 0.160870008 -3.520660055
H7 -2.330124267 -0.704888466 -3.962024844
H8 -1.735991866 -1.629419260 -0.648439519
0 9 1.305751621 0.389474784 0.108609894
SIIO 0.689096004 -0.870148442 -0.795533116
O i l 2.065375683 -1.538207542 -1.560290371
0 1 2 -0.205283570 -1.952070725 0.022483929
H13 0.241018897 -1.470847900 1.775533985
H14 1.799476759 -2.342699677 -2.064261985
0 1 5 2.997454526 0.783578363 2.582860303
AL16 1.361147852 0.485108622 1.918782701
0 1 7 0.623638801 -1.002575647 2.578132166
0 1 8 0.414038153 2.013965664 2.130787342
H19 3.497837997 -0.052996391 2.715432325
H20 0.169342491 2.226134970 3.058647743
NA -0.370742953 2.264548562 -0.059707724
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A4.3.15: Low-Al aluminosilicate lithium-trimer -  doubly deprotonated, A1 at centre
o f T-T-T chain, [Si-AI-Si]^ L i \  [(0H)20Si-0-Al(0H)3-0-Si0(0H)2]^'Li^
O l -1.516571225 1.580229900 -3.210156820
S12 -1.817353387 1.106543813 -1.580185236
0 3 -1.291642158 -0.465942972 -1.490661510
0 4 -1.245179204 2.149886045 -0.494947230
0 5 -3.530827163 1.125646412 -1.485632739
H6 -0.768167450 1.040639163 -3.558231698
H7 -3.919503286 0.485374854 -2.127579524
0 9 0.243892103 -0.533677869 0.989127998
ALIO -0.207529009 -1.450734243 -0.482608836
O il 1.371897974 -1.817968184 -1.296573566
0 1 2 -1.018167231 -3.010980387 -0.131281464
H13 -1.984897816 -2.928124517 -0.295932876
H14 1.418643708 -2.759420578 -1.578370045
0 1 5 1.841197094 -0.669584007 3.260125977
SI16 1.698097719 -0.045729464 1.671720721
0 1 7 1.700503980 1.566632980 1.715767037
0 1 8 2.957376003 -0.786297344 0.790517116
H19 2.050925598 -1.633194247 3.235828246
H20 2.547694293 -1.243532569 -0.004628024
LI 0.011539200 1.647930116 0.755373538
A4.3.16: Low-Al aluminosilicate sodium-trimer -  doubly deprotonated, A1 at centre 
o f T-T-T chain, [Si-AI-Si]^Ka\ [(0H)20Si-0-Al(0H)3-0-Si0(0H)2]^'Na^
O l 0.695450974 2.911136679 -2.646348710
SI2 -0.510664221 2.063139413 -1.745404645
0 3 -0.156065878 0.448000162 -1.884221863
0 4 -0.671456936 2.699990912 -0.278613875
0 5 -1.894510861 2.284346052 -2.752789218
H6 1.245668986 3.404834669 -1.993904716
H7 -2.234674390 1.398178109 -3.015290070
0 9 -0.701012539 -0.943679570 0.664971267
ALIO -0.127367459 -1.101147796 -1.025309539
O il 1.586360648 -1.687321420 -0.840814112
0 1 2 -1.050552227 -2.313880914 -1.973575644
H13 -1.573826446 -1.877717315 -2.683315869
H14 1.818947835 -2.420129441 -1.453026711
0 1 5 -1.086992638 -2.539259184 2.893514361
S116 -0.055628049 -1.372451294 2.158393786
0 1 7 0.082359565 -0.099307947 3.129386096
0 1 8 1.388626362 -2.228531377 1.837972256
H19 -1.064013856 -3.371889127 2.365087894
H20 1.576547305 -2.133231289 0.851763343
NA -0.701688003 1.423869488 1.560144376
307
A4.3.17: High-Al aluminosilicate lithium-trimer -  doubly deprotonated,
[Al-Si-Al]^ L i \  [(0H)20Al-0-Si(0H)(0)-0-Al(0H)3]^Xi^
j;=*v
O l -1.390055689 -2.311297195 -2.949847928
AL2 -0.906935163 -1.104316045 -1.718942406
0 3 0.890742888 -0.732187749 -1.822358644
0 4 -1.774990624 0.499832205 -1.865117462
0 5 -1.139282733 -1.553618336 -0.033049593
H8 -1.043973572 1.185692966 -1.815715637
0 9 1.626138486 0.189545691 0.545804423
SIIO 1.481429437 0.658714192 -1.079778222
O il 0.581752336 1.994400105 -1.293552365
0 1 2 3.079054260 0.842476576 -1.675%  1284
H13 3.227209632 1.797726812 -1.864494094
H14 -1.127386537 -2.044279463 -3.859772733
0 1 5 -0.256898640 -0.845477588 2.539825363
AL16 0.500798169 0.649325635 1.894982978
0 1 7 -0.798745601 1.632473685 1.102349097
0 1 8 1.378203250 1.418269339 3.249750525
H19 -0.755418198 -1.244093466 1.764904371
H20 2.130238370 1.974831737 2.946272512
H21 -0.370521836 1.960966281 0.248283157
LI22 -1.938529753 0.245441776 0.200826870
LI23 0.781058200 -1.614011901 0.188962490
A4.3.18: High-Al aluminosilicate lithium-trimer -  doubly deprotonated, 
[Al-Si-AI]^Xi"^, [(0H)20Al-0-Si(0H)(0)-0-Al(0H)3]^Xi*
Ol 0.174957755 -0.701143938 -3.863893927
AL2 -0.035792664 -0.176290991 -2.143762450
0 3 1.589509456 -0.353533824 -1.294153269
0 4 -0.419857301 1.614065844 -2.082760268
0 5 -1.237738379 -1.079452145 -1.253452449
H8 0.201243552 1.965819219 -1.375730698
0 9 1.258805925 -0.371858798 1.375851517
SIIO 1.898985845 0.526513981 0.098023781
O il 1.355524022 2.062776533 0.077851045
0 1 2 3.613340061 0.463455813 0.259647816
H13 3.902690000 1.241865922 0.789873760
H14 0.806446264 -0.100722411 -4.320695094
0 1 5 -1.471438159 -1.380640347 1.420962078
AL16 -0.391183739 -0.105368561 2.076869953
0 1 7 -0.950131291 1.519280478 1.514456737
01 8 -0.349246416 -0.300623798 3.860900524
H19 -1.519111835 -1.267018470 0.400329358
H20 0.412355789 0.181526193 4.253690761
H21 -0.143242687 1.885356015 1.024224336
NA22 -2.177719481 1.003855417 -0.497881044
NA23 0.461549491 -2.252921432 -0.015821257
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A4.3.19: Low-AI aluminosilicate lithium-3MR, [3MR-1 A l]L i\
Sll -1.091340771 0.253154692 1.743926648
0 2 -2.486826987 -0.602248615 2.100291954
0 3 0.039034465 -0.954930534 1.425036845
0 4 -0.667205970 1.041193118 3.165754938
H5 -3.258181656 0.001355592 2.218808782
H6 -0.017551904 1.763135795 2.991202398
SI7 1.023073728 -1.088730814 0.077581361
0 8 0.347369489 -2.221898055 -0.996768632
0 9 1.126407234 0.301726013 -0.766441703
OlO 2.495578710 -1.730400905 0.531564258
H ll 0.006428536 -3.036577612 -0.552914574
H12 2.971262314 -1.144791763 1.168149817
AL13 -0.294255523 1.396225962 -1.024776442
0 1 4 -1.108779109 0.525285011 -2.380594411
0 1 5 -1.247982102 1.298427508 0.496706400
0 1 6 0.167228237 3.043778439 -1.469997056
H17 -2.018098201 0.832950214 -2.599380738
HIS 0.412900008 3.596489734 -0.693970440
LI -0.744766851 -1.354005806 -2.456073844
A4.3.20: Low-Al aluminosilicate sodium-3 MR, [3MR-1 A l]N a\
Sll 0.139908349 -0.275496319 1.532398186
0 2 -1.448131401 -0.197723423 2.098891913
0 3 0.419488081 -1.701719302 0.706808712
0 4 1.105184910 -0.250787315 2.899755585
H5 -1.648777764 -0.827864085 2.831399662
H6 1.984067777 -0.671940219 2.746882981
SI7 0.666911262 -1.945668327 -0.941511525
0 8 -0.330325439 -3.176501279 -1.502775948
0 9 0.458515334 -0.568935973 -1.794738730
OlO 2.219072656 -2.580401890 -0.989683344
H ll -1.125371706 -2.818142758 -1.964302374
H12 2.391148172 -3.029723687 -1.851271304
AL13 0.131043997 1.104231770 -1.239932215
0 1 4 -1.587305334 1.601334011 -1.369776287
0 1 5 0.257811165 1.042306375 0.572310791
0 1 6 1.170359367 2.315130000 -2.002926929
H17 -1.811777635 2.060711012 -2.209433259
H18 2.026394987 1.952009802 -2.320167654
NA -2.266777609 1.758419376 0.856255023
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A4.3.21; Low-Al aluminosilicate lithium-3MR -  singly deprotonated,
Sll -1.115381988 0.183544187 1.514512545
0 2 -1.881102554 -1.257302183 1.088680866
0 3 0.476770608 -0.214108950 1.889039702
0 4 -1.951350769 0.695439517 2.877072966
H6 -1.832379864 1.664546299 3.019321132
S17 1.403850603 -0.706267258 0.522618564
0 8 0.623100788 -1.899063423 -0.256131267
0 9 1.602222447 0.670031454 -0.399623914
OlO 2.896721503 -1.229875855 1.121516710
H ll -1.176817450 -1.762004637 0.579537954
H12 3.365062022 -0.507593743 1.602671710
AL13 0.101148146 1.486796445 -0.969302075
0 1 4 -0.387018396 0.464627384 -2.386821343
0 1 5 -1.144433941 1.327562308 0.332855593
0 1 6 0.314896102 3.177575289 -1.467187956
H17 -1.322677219 0.604651786 -2.658276919
HIS 0.362360864 3.783055786 -0.692913242
L119 0.074799208 -1.387291450 -1.964194076
A4.3.22: Low-Al aluminosilicate sodium-3 MR -  singly deprotonated,
Sll 0.587383271 0.447468025 1.312530251
0 2 -0.825182694 0.017999562 2.121738904
0 3 1.350820590 -0.989286570 0.879399082
0 4 1.483576109 1.289702874 2.457397836
H5 -1.140741606 -0.790390056 1.595474488
H6 2.119470882 1.903470137 2.019020903
S17 0.455176593 -1.861533728 -0.315020589
0 8 -1.067765127 -2.029838510 0.224461661
0 9 0.607403935 -0.979723185 -1.719207420
OlO 1.305677497 -3.301120543 -0.604198795
H12 1.091863352 -3.974014079 0.084183985
AL13 0.135803216 0.762953495 -1.723742183
0 1 4 -1.628883694 0.890830434 -2.097907710
0 1 5 0.327854400 1.363760245 -0.028674837
0 1 6 1.032400814 1.747707639 -2.905007284
H17 -1.796568056 0.884155413 -3.067840003
HIS 2.004567482 1.728207420 -2.752227751
NA19 -2.574869806 -1.065043795 -1.168334485
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A4.3.23: Low-Al aluminosilicate lithium-3MR -  doubly deprotonated,
[3 M R -lA lfL r
Sll
02
0 3
0 4  
S17 
0 8
0 9
010 
H ll  
H12 
AL13
0 1 4
0 1 5
0 1 6  
H17 
HIS 
L119
-0.708759036
0.938391015
-0.530564002
-1.543186446
0.297138635
1.796606235
-0.638976904
0.395310558
1.454101785
-0.485401070
-1.032252239
0.505693655
-1.334339846
-2.336832119
0.597580640
-3.228824577
1.962442029
-1.961231532
-2.124596807
-1.503232584
-3.305602463
-0.060100389
-0.057855879
1.195070074
0.054728136
-1.459903125
-0.083252403
1.104312544
1.711652676
-0.601757340
2.214264357
1.404870783
1.910462241
1.218587360
-0.060587313
-0.554978027
1.599657579
-0.276021263
1.940043186
1.303151800
1.344822798
3.636100041
-0.011456268
4.055907259
-0.413413771
-1.194130700
-0.838799074
-0.912652027
-2.125041728
-0.630373730
-0.032996097
A4.3.24: Low-Al aluminosilicate sodium-3 MR -  doubly deprotonated, 
[SMR-lAlJ^'Na^
Sll
02
0 3
0 4  
SI7 
0 8
0 9
010 
H ll  
H12 
AL13
0 1 4
01 5
0 1 6  
H17 
HIS 
NA19
0.763891340
1.091960580
-0.960970284
1.526448491
-1.862014615
-1.461821766
-1.627941945
-3.498729602
0.276759057
-3.728229455
0.066916181
0.547165617
1.083747185
0.187209646
1.516361088
0.100032421
-0.707574295
-1.565926618
-0.301044327
-1.676576835
-2.923331528
-0.267222708
0.950982384
0.092081983
-0.690444249
0.288841205
-1.503761540
0.185797325
1.915664110
-0.950164695
-0.067602352
1.994878651
-1.013319069
2.727674063
0.719580806
1.851662630
0.805154089
1.082735238
0.484152355
1.479389435
-1.136785548
0.728355245
1.843525091
0.220669084
-1.750323449
-1.465028151
-0.818136656
-3.519726949
-1.319665103
-3.774677704
0.306872571
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A4.3.25: High-Al aluminosilicate lithium-3 MR, [3MR-2Al]Li'^,
Sll -1.945008977 -0.041305039 0.700737453
0 2 -3.570428219 -0.080533970 0.269827616
0 3 -1.283417181 -1.535043110 0.597281856
0 4 -1.912765208 0.646482641 2.265935399
H5 -3.761057406 -0.874219631 -0.283837630
H6 -2.452680104 0.190286395 2.953655123
AL7 0.403123790 -1.907329621 0.047943348
0 8 0.519727136 -2.196446309 -1.745603434
0 9 1.364293100 -0.409977336 0.042266061
OlO 1.055271701 -3.322375692 0.903484817
H ll 0.374938706 -3.107363790 -2.083828486
H12 0.617365098 -3.481567893 1.769708704
AL13 0.692641686 1.182042458 -0.285305975
0 1 4 1.231650466 1.359793637 -1.987669933
0 1 5 -1.115612169 1.145067845 -0.096189576
0 1 6 0.928715906 2.513187838 0.896469185
H17 0.848902810 2.071405818 -2.547104468
HIS 1.837164260 2.681862314 1.230010306
L119 1.641980807 -0.617060260 -2.076136553
L120 -0.846862358 2.332222634 1.757066126
A4.3.26: High-Al aluminosilicate sodium-3 MR, [3MR-2Al]Na^,
S ll -1.792995847 -0.984706936 0.244940850
0 2 -2.990910018 -1.747646339 -0.673534878
0 3 -0.535672488 -2.009796403 0.478946806
0 4 -2.571104330 -0.5269%038 1.692686652
H5 -2.596987978 -2.487350428 -1.194350625
H6 -2.993678610 -1.281755141 2.166157096
AL7 1.229451050 -1.585932528 0.419793222
0 8 1.977575591 -2.087360170 -1.153666738
0 9 1.426074765 0.173336785 0.319064622
OlO 2.086471385 -2.440562601 1.736773110
H ll 2.272274970 -3.024453665 -1.184604840
H12 1.501822797 -2.626115102 2.505561481
AL13 0.216618265 1.314076588 -0.263477278
0 1 4 0.871391842 1.767466778 -1.877003473
0 1 5 -1.403170065 0.496664910 -0.366709183
0 1 6 -0.267068528 2.691784253 0.787782891
H17 0.315194552 2.363465566 -2.427518100
HIS 0.461819664 3.275074001 1.097116455
NA19 2.503835694 0.061114801 -1.933583368
NA20 -2.310732546 1.870377144 1.594725082
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A4.3.27: High-Al aluminosilicate lithium-3 MR -  singly deprotonated,
[3MR-2Al]~Li^
Sll -1.786334439 0.187114070 0.583609650
0 2 -3.433425459 0.368677247 0.119180559
0 3 -1.368287319 -1.385745621 0.173213518
0 4 -1.637380007 0.573499097 2.152249524
H5 -3.557788651 -0.026947528 -0.775825385
AL7 0.213468303 -1.889770516 -0.491760980
0 8 0.322750579 -1.918306085 -2.316595280
0 9 1.437608612 -0.600090372 -0.310716840
OlO 0.641064269 -3.519211176 0.109610682
H ll -0.106568404 -2.654127142 -2.805548883
H12 0.215614108 -3.698352150 0.977961901
AL13 0.903037075 1.093530839 -0.307498250
0 1 4 1.636781640 1.582179444 -1.892614247
0 1 5 -0.872973537 1.235552660 -0.375166916
0 1 6 1.340643799 2.001907513 1.198033741
H17 1.132047555 2.272745263 -2.378498360
HIS 2.220211378 1.751234377 1.560829852
L119 1.652423047 -0.442311412 -2.346430349
L120 -0.203860897 1.722449366 2.402569173
A4.3.28: High-Al aluminosilicate sodium-3 MR -  singly deprotonated, 
[3MR-2Al]"Na^
Sll -1.504374659 -0.182425834 -0.606981526
0 2 -2.203122348 -0.220334953 -2.189578559
0 3 -0.426645297 -1.466006744 -0.614149935
0 4 -2.669896230 -0.210173915 0.510764550
H5 -1.545833886 -0.630942686 -2.798668517
AL7 1.257854142 -1.518228700 -0.012440737
0 8 2.499642300 -1.552665087 -1.344724726
0 9 1.704214292 0.011058453 0.778661187
OlO 1.476272087 -3.018531519 0.955458723
H ll 2.640362818 -2.437587801 -1.747867765
H12 0.600796993 -3.349931546 1.259056832
AL13 0.842109095 1.520728267 0.461132376
01 4 2.081458832 2.469989779 -0.456702308
01 5 -0.647350852 1.272830310 -0.495906271
0 1 6 0.180231223 2.366711767 1.916570026
H17 1.716084644 3.212996076 -0.987268045
HIS 0.790182446 2.369928283 2.688136205
NA19 3.415698830 0.559137983 -0.929332909
NA20 -2.081267906 1.693226091 1.645016070
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A4.3.29: High-Al aluminosilicate lithium-3 MR -  doubly deprotonated,
[3MR-2Al]^‘Li^
Sll 1.312818213 -0.887819775 -1.693906938
0 2 2.903758557 -0.918589217 -2.372308251
0 3 1.486410140 -1.496083788 -0.130986593
0 4 0.335418440 -1.752263443 -2.663146438
H5 3.530741659 -0.506707083 -1.731149029
AL7 0.642827629 -0.754579850 1.263914196
0 8 1.533954412 0.614328417 2.102301996
0 9 -0.761887718 0.232388759 0.800020380
OlO 0.364025964 -2.026661886 2.506596116
H ll 2.454874564 0.449835673 2.405119018
H12 0.157711631 -2.890292972 2.084411050
AL13 -0.814401428 1.025701170 -0.835216380
0 1 4 -0.700919909 2.741681932 -0.137985752
0 1 5 0.839703417 0.711795618 -1.564131923
0 1 6 -2.072430675 0.567383307 -1.925605378
H17 -0.296533665 3.393017768 -0.751163395
LI19 0.118849266 1.896392006 1.483053541
LI20 -1.320373997 -0.852565936 -2.824698958
A4.3.30: High-Al aluminosilicate sodium-3 MR -  doubly deprotonated, 
[3MR-2Al]^'Na^
Sll -0.490565104 -1.409591912 -1.720910781
0 2 0.210065499 -1.670593340 -3.293864653
0 3 0.695718975 -1.926623892 -0.643825199
0 4 -1.890700894 -2.223169753 -1.665955014
H5 1.158979818 -1.405472925 -3.255566961
AL7 1.432222212 -0.932462142 0.652224881
0 8 2.964219759 -0.069727715 0.142709636
0 9 0.439293725 0.455743880 1.118390509
OlO 1.903347182 -2.054461273 1.991388092
H ll 3.763307604 -0.641946131 0.111341030
H12 1.464439202 -2.928286062 1.881364955
AL13 -0.869517926 1.132532059 0.065753663
0 1 4 -0.105941028 2.800102525 -0.223402013
0 1 5 -0.695879970 0.241559918 -1.537842959
0 1 6 -2.518171294 1.085226690 0.578297643
H17 -0.731339628 3.461003090 -0.595333138
NA19 2.029098234 2.089661641 0.436825588
NA20 -3.222201454 -0.514068814 -0.858393759
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A4.4: Tetrameric species
A4.4.1: Low-Al aluminosilicate lithium-tetramer, A1 at end of T-T-T-T chain,
[Si-Si-Si-Al]Li\ [(0H)3Si-0-Si(0H)2-0-Si(0H)2-0-Al(0H)3]Lr
O l 1.420416234 1.970236485 1.538837274
ALl 1.457862868 0.346288990 2.283132096
0 2 1.444348596 -1.027486533 1.078281178
0 3 2.739960564 0.181452406 3.477309621
0 4 -0.253874241 -0.033624279 2.780885593
HI -0.494237964 0.169107738 3.711419164
H2 2.962896970 -0.755409234 3.681439145
0 5 -1.365955719 0.241211937 -1.197436168
SI2 -1.727038877 1.594028401 -0.271477677
0 6 -0.403261662 2.619345221 -0.275626982
0 7 -3.001236932 2.311410351 -1.062964322
H3 -3.289612813 3.149574142 -0.628938078
H4 0.292187981 2.387824997 0.443660522
SI3 2.083601914 -1.236698606 -0.422439200
0 8 0.844055864 -1.351832788 -1.559422354
0 9 3.110670138 0.001885643 -0.887304245
OlO 2.925020271 -2.675240884 -0.387997798
H5 3.403683901 -2.846367018 -1.234611423
H6 2.609475125 0.651626267 -1.448955201
SI4 -0.080784866 -0.118228611 -2.188391486
O il 0.900876472 1.236905556 -2.354700768
0 1 2 -0.755358650 -0.611488371 -3.623080351
H7 -0.098348328 -0.992705135 -4.253245674
MS 0.563137419 1.952068799 -1.740954083
0 1 3 -2.206488253 1.138908706 1.248124892
H9 2.289699776 2.299291507 1.216543030
HIO -1.479298134 0.748449442 1.832409273
LI -0.189404251 -1.813361342 1.929152108
A4.4.2: Low-Al aluminosilicate sodium-tetramer, A1 at end of T-T-T-T chain, 
[Si-Si-Si-Al]Na\ [(0H)3Si-0-Si(0H)2-0-Si(0H)2-0-Al(0H)3]Na^
Ol -0.364454769 1.861358455 1.967256515
ALl 0.467459483 0.384409743 2.575564236
0 2 1.577737671 -0.300067681 1.327217592
0 3 1.210946699 0.670970591 4.146232893
0 4 -0.793742999 -0.913566643 2.452294638
HI -1.336691004 -1.062762551 3.258140983
H2 1.918817469 0.024083379 4.365428922
0 5 -0.356119919 -0.545744686 -1.539048948
S12 -1.791645040 0.089079310 -0.914319662
0 6 -1.520663641 1.649482728 -0.391539450
0 7 -2.841581976 0.083918651 -2.200882103
H3 -3.741984071 0.411252856 -1.962553673
H4 -1.092923896 1.726860693 0.548307945
S13 2.754055122 0.189840995 0.300165629
0 8 2.338026954 -0.336806157 -1.252519252
0 9 2.991889089 1.846816019 0.239436912
OlO 4.165281225 -0.555244104 0.774979633
H5 4.926269753 -0.349504222 0.182056655
H6 2.373401337 2.234344325 -0.433628758
S14 1.019821487 0.212428410 -2.108617057
O il 0.884418791 1.870455898 -1.886306207
0 1 2 1.169417687 -0.214800433 -3.703743220
H7 2.027991044 0.063214420 -4.104370926
H8 0.029301278 2.069657369 -1.407504860
0 1 3 -2.308968270 -0.945669353 0.272907466
H9 0.202047403 2.665293891 1.919433733
HIO -1.857985790 -0.831856345 1.181810604
NA 0.258995979 -2.207659592 0.639701572
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A4.4.3: Low-Al aluminosilicate lithium-tetramer, A1 at centre o f T-T-T-T chain,
[Si-Si-Al-Si]Li\ [(0H)3Si-0-Si(0H)2-0-Al(0H)2-0-Si(0H)3]Li^
01 -3.078809600 -0.908938542 -0.813918067
S ll -2.140572718 0.328130282 -1.396514201
0 2 -1.488218049 1.223609888 -0.147023579
0 3 -0.905385457 -0.210701915 -2.400666260
0 4 -3.104448757 1.388731453 -2.241438632
HI -3.589031396 0.942399252 -2.977368108
H2 0.497533601 1.127148094 -1.875425863
0 5 0.726375358 -2.309322011 1.278088890
SI2 0.086083229 -3.137607066 0.019269314
0 6 0.522352083 -2.392630204 -1.430196348
0 7 0.465420706 -4.765826489 0.055474977
H3 1.405582155 -4.925560906 0.311011254
H4 -0.464341638 -1.061093249 -2.096751062
SI3 0.078848417 1.682138876 0.233887097
0 8 0.738123111 0.701982654 1.379649173
0 9 0.975868943 1.670995150 -1.194249183
OlO 0.085619171 3.212214888 0.899100763
H5 -0.257647900 3.897376932 0.276869046
H6 2.342527196 0.085065067 -0.844250453
AL4 1.716614789 -0.831021152 1.189554073
O il 2.459619287 -0.809062072 -0.441284904
0 1 2 2.697818660 -0.538111925 2.644050694
H7 3.197924029 -1.286372625 3.034757848
H8 1.336161329 -1.806223459 -1.226667726
0 1 3 -1.602460633 -3.120061024 -0.050113523
H9 -2.550733162 -1.699411815 -0.493406131
HIO -2.019890636 -3.537129568 0.740044530
LI 1.704247623 1.071373635 3.149650236
A4.4.4: Low-Al aluminosilicate sodium-tetramer, A1 at centre o f T-T-T-T chain, 
[Si-Si-Al-Si]Na\ [(0H)3Si-0-Si(0H)2-0-Al(0H)2-0-Si(0H)3]Na^
Ol -2.554608930 0.971856628 0.179396607
Sll -1.213626630 1.701793208 -0.470170279
0 2 0.054817424 1.705201530 0.614539992
0 3 -0.715059467 0.989305882 -1.906565569
0 4 -1.545754867 3.309566050 -0.743027266
HI -2.331601106 3.435209898 -1.326998626
H2 1.272959387 1.221708441 -1.681371535
0 5 0.081491211 -2.760951658 0.556161150
S12 -1.136333370 -2.666827464 -0.532601057
0 6 -0.631024719 -1.794397795 -1.886677899
0 7 -1.769298632 -4.164809269 -0.930619501
H3 -1.066595851 -4.849999792 -1.032880772
H4 -0.779770688 -0.014729780 -1.919481968
SI3 1.627183704 1.131996092 0.509330583
0 8 1.776581092 -0.366388837 1.159485306
0 9 2.087765982 1.183624981 -1.113677292
OlO 2.642565289 2.103649602 1.412544669
H5 2.658276487 3.038912728 1.097133418
H6 2.341988270 -0.902753297 -1.514022338
AL4 1.705708038 -2.020580181 0.414626250
O il 2.005764225 -1.817544143 -1.348846989
0 12 2.913657125 -2.814197263 1.446228216
H7 2.946230375 -3.795634629 1.423638147
H8 0.391996243 -1.796213612 -1.871599055
013 -2.486438321 -1.788824200 -0.020240948
H9 -2.517852149 -0.030580274 0.156977642
HIO -2.921959078 -2.182862948 0.771544528
NA 3.363536179 -1.009316324 2.864413068
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A4.4.5: High-Al aluminosilicate lithium-tetramer [Si-Al-Si-Al]Lr,
[(0H)3Si-0-Al(0H)2-0-Si(0H)2-0-Al(0H)3]Li^
01 -1.538905399 1.300240082 1.656327245
SI2 -1.156722782 2.341318920 0.352205785
0 3 0.460766148 2.550059871 0.464458683
0 4 -1.762384546 1.714565508 -1.061368745
0 5 -1.844020882 3.855021340 0.567155133
H6 -2.796522091 3.872762085 0.310296228
H7 2.072934364 2.059016821 -2.035907041
0 8 0.360427950 -2.671168075 -0.703788612
AL9 -1.414280905 -2.375951047 -0.656381960
OlO -1.937358366 -0.940046284 -1.609549788
O il -2.314882808 -3.816776173 -1.164712979
H12 -1.930152095 -4.644656397 -0.797214300
H13 -1.760649340 0.704075839 -1.194903338
AL14 1.796977041 1.416666250 0.220517135
0 1 5 1.009285388 -0.231653922 0.372638947
0 1 6 2.592493980 1.543904391 -1.377694141
0 1 7 3.044515047 1.214851113 1.491483100
HIS 3.790933405 1.853807482 1.457489892
H19 2.472726908 -0.14796904! -1.889372241
SI20 1.536471820 -1.568175860 -0.471272591
021 2.242077888 -1.131463132 -1.924340235
0 2 2 2.751706609 -2.162063976 0.580926801
H23 3.394425939 -2.763184364 0.135084025
H24 -1.811611874 -1.019512216 -2.581679809
0 2 5 -1.692041121 -1.861901100 1.060869349
H26 -2.509845022 1.133435692 1.715533798
H27 -2.646313868 -1.722415779 1.255611991
L128 -0.542212054 -0.428884998 1.591201751
L129 3.446553653 -0.679212141 1.745627287
A4.4.6; High-Al aluminosilicate sodium-tetramer [Si-Al-Si-Al]Li^, 
[(0H)3Si-0-Al(0H)2-0-Si(0H)2-0-Al(0H)3]Na^
O l -2.183499498 1.226316796 1.401492808
S12 -1.595111611 2.196199877 0.130166506
0 3 -0.013710230 2.395629565 0.479291813
0 4 -1.996058001 1.516733983 -1.330984561
0 5 -2.264355277 3.735006842 0.168218291
H6 -3.201358945 3.744767483 -0.139631704
H7 1.738455016 2.182377909 -1.947914333
0 8 0.414839800 -2.582034607 -0.540648317
AL9 -1.356276769 -2.531069258 -0.830267599
OlO -1.859088519 -1.118480735 -1.835960158
on -1.935341404 -4.008287924 -1.632402146
H12 -1.715818700 -4.829169554 -1.137241643
H13 -1.892702529 0.504718427 -1.430550386
AL14 1.538154810 1.566847145 0.319220527
0 1 5 1.223591672 -0.210836921 0.621854954
0 1 6 2.301904287 1.706207186 -1.297235943
0 1 7 2.703938306 1.841934840 1.640907818
HIS 3.312637811 2.604141523 1.522485508
H19 2.326243011 0.031283903 -1.786187388
SI20 1.619850108 -1.499861512 -0.358845539
021 2.205473117 -0.971937775 -1.837047661
0 2 2 2.889560012 -2.208103385 0.530051656
H23 3.420628433 -2.852335219 0.004355635
H24 -1.521476868 -1.154473133 -2.758926407
0 2 5 -2.013513581 -2.236714360 0.821026426
H26 -3.114552089 0.937738486 1.249553006
H27 -2.992682472 -2.140435441 0.837901522
NA28 -0.770908330 -0.621191628 1.919476115
NA29 3.381930325 -0.377023790 2.068246493
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A 4 . 4 . 7 :  H i g h - A l  a l u m i n o s i l i c a t e  l i t h i u m - t e t r a m e r  [ A l - S i - S i - A l j L i ^ ,  
[ ( 0 H ) 3 A l - 0 - S i ( 0 H ) 2 - 0 - S i ( 0 H ) 2 - 0 - A l ( 0 H ) 3 ] L r
01 0.479557188 2.542518037 -1.758932137
AL2 0.831007537 2.937054493 -0.039161290
0 3 -0.215754031 1.726647652 0.850558084
0 4 2.459673522 2.442828353 0.538403962
0 5 0.363363883 4.608734327 0.296559850
H6 0.713448155 4.936154272 1.155911467
H7 2.322680851 0.901600106 1.269451811
0 8 -0.855084228 -2.509324548 -0.576740343
AL9 -0.973439876 -1.701004752 -2.149700509
OlO 0.545754827 -0.972855710 -2.778294071
O il -2.174639858 -2.427414903 -3.223127347
H12 -2.154686969 -3.412449015 -3.229670223
H13 3.240763376 2.804122317 0.063317095
S114 0.244632305 0.551539791 1.908505996
0 1 5 -0.701192753 -0.773627070 1.502036154
0 1 6 1.861025859 0.137788894 1.759668198
0 1 7 -0.135733805 1.067153932 3.449207259
HIS 0.247159793 0.483459956 4.147237713
H19 1.767923292 -1.734779307 1.302938022
SI20 -0.340330329 -2.335009427 0.954576424
021 1.292553705 -2.602362014 1.195628654
0 2 2 -1.099221986 -3.458208758 1.940008958
H23 -1.983692616 -3.701123801 1.575950334
H24 1.341754776 -1.541452268 -2.867708723
0 2 5 -1.642021284 0.008627546 -1.821403198
H26 0.507937731 3.337078588 -2.339779134
H27 -2.502821331 0.170689351 -2.272246620
LI28 0.011700662 0.904252836 -2.655308801
L129 -1.697143717 0.756710039 -0.052209494
A 4 . 4 . 8 :  H i g h - A l  a l u m i n o s i l i c a t e  s o d i u m - t e t r a m e r  [ A l - S i - S i - A l ] N a ^ ,  
[ ( 0 H ) 3 A l - 0 - S i ( 0 H ) 2 - 0 - S i ( 0 H ) 2 - 0 - A l ( 0 H ) 3 ] N a ^
01 -0.744104638 3.251069122 1.638083258
AL2 0.299048862 3.378868810 0.168976634
0 3 1.743525113 2.362967830 0.555581243
0 4 -0.446900070 2.611111753 -1.284033711
0 5 0.732932393 5.084314026 -0.100492144
H6 1.086458263 5.244706709 -1.004567090
H7 -1.152289776 3.166867802 -1.688177951
0 8 -1.261050764 -1.705846561 -0.311794417
AL9 -1.001534899 -2.881572169 -1.688671693
OlO 0.248899051 -3.993901752 -1.019440942
O il -2.529739966 -3.665527362 -2.135336989
H12 -2.650732030 -4.539586386 -1.700297314
H13 0.946015157 -4.258309083 -1.662040861
S114 1.796253838 0.903387819 1.263156152
0 1 5 0.579671481 -0.051871883 0.622054800
0 1 6 3.316848856 0.256616698 1.002322252
0 1 7 1.423264689 0.912469177 2.915417852
HIS 2.032950855 1.495059178 3.430233076
H19 3.442411251 -0.607643211 1.462279756
S120 -0.315068799 -1.425105893 0.989013395
021 0.653903754 -2.726072157 1.367433329
0 2 2 -1.167421703 -0.917156721 2.352591001
H23 -1.796497871 -1.596666775 2.694328571
H24 0.690573551 -3.309412139 0.538185693
0 2 5 -0.461124269 -1.697718521 -2.925443531
H26 -1.595914034 3.734763398 1.538428920
H27 -0.607450934 -1.957387142 -3.861705307
NA28 -0.516593828 0.337995147 -1.714455664
NA29 -0.969444024 1.394200616 3.031429087
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A4.4.9: Low-Al aluminosilicate lithium-tetramer -  singly deprotonated
i - 0 - S i ( 0 H ) 2 - 0 - A l ( 0 H ) 3 ]  L i *
O l -1.208411952 -0.676690526 2.422216321
ALl 0.398329451 -1.489900753 2.593718809
0 2 0.719929435 -2.680293684 1.300845231
0 3 1.458257090 -0.029142219 2.392109856
0 4 0.501897595 -2.281442772 4.179552956
HI 0.820082514 -3.209119723 4.108147643
H2 2.363809333 -0.251266324 2.082728307
0 5 0.642246707 0.302270619 -1.632801844
SI2 0.514452742 1.778214012 -0.840412807
0 6 1.958562660 2.598701370 -0.999378650
0 7 -0.723275541 2.698734817 -1.493294112
H3 -1.532895918 2.118496160 -1.470734694
H4 2.353053850 2.491629346 -1.897075169
S13 0.963027547 -2.749996434 -0.307923908
0 8 -0.329691245 -2.172383363 -1.204133922
0 9 2.352208245 -1.946662883 -0.824675565
OlO 1.149321982 ^.383168861 -0.648967546
H5 1.310422435 -4.532872589 -1.610176469
H6 2.097600401 -1.051087518 -1.166806097
S14 -0.800942523 -0.649964666 -1.725280647
O il -1.149205297 -0.911053895 -3.354963643
0 1 2 -1.951184394 0.095367827 -0.886198798
H8 -1.866553204 -0.301802342 -3.648438976
0 1 3 0.184637387 1.613610578 0.786098794
H9 -1.945640719 -1.235639420 2.756291625
HIO 0.801435018 1.000056158 1.340871465
LI -1.616713469 0.483836778 0.933790158
A4.4.10: Low-Al aluminosilicate sodium-tetramer -  singly deprotonated 
[S i-S i-S i-A irN a\ [(0H)3Si-0-Si(0H)(0)-0-Si(0H)2-0-Al(0H)3]“Na^
O l -1.387433909 -1.602901023 2.210473697
ALl 0.227219224 -2.293921654 1.826633651
0 2 0.337805754 -3.014682672 0.190464299
0 3 1.243711851 -0.792514634 1.910961882
0 4 0.719725986 -3.529577373 3.010724849
HI 0.952525207 -4.375183725 2.565930413
H2 2.127453668 -0.926361036 1.502744083
0 5 0.143482592 0.778944405 -1.631609793
SI2 0.155185321 1.994635615 -0.469448338
0 6 1.570676561 2.869515887 -0.617964270
0 7 -1.179550999 2.973856270 -0.710470195
H3 -1.924910899 2.307049576 -0.872177239
H4 1.756796182 3.112844720 -1.556500617
S13 0.415996516 -2.496624366 -1.352127537
0 8 -0.966524101 -1.658419960 -1.807832748
0 9 1.751726835 -1.531663952 -1.700079610
OlO 0.550413086 -3.898224516 -2.271110466
H5 0.707066457 -3.698055917 -3.223800716
H6 1.454381673 -0.581912422 -1.690267905
SI4 -1.351181456 -0.030212756 -1.952583001
O il -1.668246712 0.148530642 -3.602608190
0 1 2 -2.490348728 0.563926570 -0.985207590
H8 -2.344324806 0.856315203 -3.728485693
013 0.069696320 1.400633808 1.081499553
H9 -2.076314500 -2.287705352 2.365249252
HIO 0.625717634 0.565839536 1.328229872
NA -2.216952950 0.351349263 1.290757953
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A4.4.11: Low-Al aluminosilicate lithium-tetramer -  singly deprotonated
[Si-Si-Al-SirLi\ [0(0H)2Si-0-Si(0H)2-0-Al(0H)2-0-Si(0H)3]"Lr
Ol -0.640619012 1.114714125 2.037611526
S ll -1.926735126 1.839375228 1.155408041
0 2 -1.209910801 2.412391306 -0.271045220
0 3 -3.171710587 0.857226132 0.941176850
0 4 -2.283482428 3.299180649 1.936636014
HI -2.927905353 3.139509224 2.665810249
H2 -0.398347568 3.481884599 -2.550109384
0 5 -0.074542341 -2.027664409 -0.011295850
SI2 -1.436885762 -2.261110887 0.850319535
0 6 -2.831425871 -1.591980003 0.273249818
0 7 -1.785334727 -3.909532861 0.938067721
H3 -0.957564227 -4.439210384 1.020602540
H4 -2.941438275 -0.570603748 0.542507982
SI3 0.304447876 2.134319297 -0.898750601
0 8 0.653828677 0.581344306 -1.220653500
0 9 0.465239206 3.103862452 -2.258778833
OlO 1.466606894 2.642765714 0.246412878
H5 1.310414831 3.578182303 0.523184786
H6 1.948533782 -2.515973496 -1.977376963
A M 1.252295743 -0.918431992 -0.435591529
O il 2.394417910 -1.793666681 -1.480887558
0 1 2 2.102662901 -0.289950670 1.036072279
H7 2.293567558 -0.999257029 1.690608332
0 1 3 -1.115706674 -1.634089669 2.414859365
H9 -0.846923573 0.150074751 2.226079818
HIO -1.927932617 -1.687239768 2.973139696
LI 1.341364025 1.314420059 1.781501336
A4.4.12: Low-Al aluminosilicate lithium-tetramer -  singly deprotonated 
[Si-Si-Al-SirNa% [0(0H)2Si-0-Si(0H)2-0-Al(0H)2-0-Si(0H)3]"Na^
Ol 0.646279118 0.311226291 2.291838174
S ll -0.949424802 0.855747602 2.580165429
0 2 -1.375504082 1.841599160 1.265579918
0 3 -1.981918902 -0.336930049 2.866504505
0 4 -0.829467823 2.033482267 3.796061887
HI -0.692873614 1.605660694 4.674362619
H2 -2.460941824 3.401715114 -0.508791130
0 5 -0.126331464 -2.144979090 -0.594173268
SI2 -0.499198741 -2.875081960 0.812465914
0 6 -1.950819677 -2.503863976 1.506313031
0 7 -0.581781207 -4.547256362 0.603463109
H3 0.122018776 -4.871371198 -0.006453977
H4 -1.937825075 -1.588277498 2.046835634
SI3 -0.683241194 2.072596022 -0.227872087
0 8 -0.481935955 0.747810328 -1.140723120
0 9 -1.653275758 3.186981956 -1.031726991
OlO 0.855890754 2.773747745 -0.036025711
H5 0.791771172 3.618975192 0.470525298
H6 -0.017197632 -1.787510704 -3.448004216
AM 0.514821554 -0.710392842 -1.439495110
O il 0.580907062 -1.051278588 -3.190087427
0 1 2 2.160067766 -0.278736072 -0.838573530
H7 2.724074550 -1.079645322 -0.744611290
0 1 3 0.761062614 -2.477856142 1.905150213
H9 0.671155287 -0.686082310 2.189657716
HIO 0.564571942 -2.857764089 2.794811859
NA 2.385929211 1.188331757 0.927184009
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A4.4.13: High-Al aluminosilicate lithium-tetramer -  singly deprotonated
[Si-Al-Si-Al]~Lr, [0(0H)2Si-0-Al(0H)2-0-Si(0H)2-0-Al(0H)3rLi^
Ol -1.185034358 1.643138792 -2.082081998
SI2 -0.124568344 2.839752124 -1.893565961
0 3 1.465198226 2.352406903 -1.697650411
0 4 -0.160626316 3.981940921 -3.162018323
0 5 -0.389816503 3.787416066 -0.480358817
H6 -1.356341228 3.945764864 -0.362847949
H7 4.100483616 1.251742942 0.166325000
0 8 0.121343774 -2.807859184 0.209939157
AL9 -1.466379836 -2.171583875 0.771430122
OlO -2.222559991 -1.207370638 -0.556999216
O il -2.575554575 -3.462797338 1271333111
H12 -2.139559339 -4.145103575 1.829892811
H13 -0.549566298 3.563042470 -3.965183374
AL14 1.840994960 1.084452468 -0.521407490
0 1 5 1.029683595 -0.488348635 -1.000922351
0 1 6 3.543734764 0.585456683 -0.295185508
0 1 7 1.155068524 1.541803317 1.095197270
HIS 0.532638635 2.299390042 0.974656423
H19 3.194379329 -2.356680175 -1.467723469
SI20 1.407173145 -1.885813559 -0.184584455
021 2.457604125 -2.865807755 -1.055265197
0 2 2 2.135718942 -1.378585794 1.282359925
H23 2.903538295 -0.787665283 1.040042995
H24 -2.748668790 -1.766672448 -1.173672528
02 5 -0.995347497 -0.973604401 2.045445855
H27 -1.749774898 -0.405152061 2.321177607
L128 -0.928851910 -0.088664443 -1.532198788
LI29 0.706251272 -0.052597223 2.120537828
A4.4.14: High-Al aluminosilicate sodium-tetramer -  singly deprotonated 
[Si-Al-Si-Al]“Na^, [0(0H)2Si-0-Al(0H)2-0-Si(0H)2-0-Al(0H)3]"Na^
O l -1.970463154 1.818667123 2.293416059
SI2 -0.622114798 2.652500741 1.586035469
0 3 -0.769442117 2.066531846 0.026762544
0 4 -1.110793449 4.294973380 1.508971367
0 5 0.754222596 2.429147690 2.376369431
H7 -0.514876346 4.830346516 2.083323884
0 8 -0.541683360 -1.652681238 0.461586949
AL9 -1.792197312 -2.938235833 0.174921798
OlO -1.308736494 -3.818274679 -1.326903444
O il -1.870787643 ^.058675120 1.552495231
H12 -1.671324517 -4.986536801 1.294173960
H13 -1.751650086 -3.473569285 -2.136224015
AL14 0.410987819 1.741590911 -1.285277876
01 5 0.646811692 -0.026270824 -1.407938461
0 1 6 -0.220132084 2.336010549 -2.841617853
0 1 7 2.067337455 2.343453916 -0.902565989
HIS 2.112625144 3.327022265 -0.904732768
H19 -1.043858983 2.858284721 -2.716235891
S120 0.811214219 -1.323024567 -0.428365133
021 1.243416918 -2.693207005 -1.307743937
02 2 2.112092652 -0.928137865 0.604519341
H23 2.237307105 -1.616243782 1.302010603
H24 0.398766120 -3.224683813 -1.458177701
02 5 -3.237544094 -1.877318467 0.051307473
H26 -1.805913734 1.667615596 3.253035079
H27 -4.070001336 -2.281008383 0.386473651
NA28 -2.161216528 0.160740976 0.584553215
NA29 2.448401683 1.402182870 1.275115080
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A4.4.15: High-Al aluminosilicate lithium-tetramer -  singly deprotonated
[Al-Si-Si-Al]~Lr, [(0H)3Al-0-Si(0H)2-0-Si(0H)(0)-0-Al(0H)3rLr
O l -1.565189429 2.669751627 0.803213946
AL2 0.004217239 2.932444191 -0.066617654
0 3 1.389878225 2.255431728 0.845342826
0 4 -0.057313527 1.916827610 -1.562975798
0 5 0.175928590 4.679782285 -0.338951349
H6 1.041743418 4.924225800 -0.736701997
H7 -0.834016248 2.121332646 -2.131102943
0 8 -1.005209394 -1.319925190 -0.916749803
AL9 -0.559339256 -2.429938205 -2.274813550
OlO 0.144073705 -3.936013442 -1.586902332
O il -1.918279451 -2.805648978 -3.350600245
H12 -2.411489214 -2.003540846 -3.636357883
H13 -0.487732268 -4.689989452 -1.606306160
SIM 1.619294299 0.768625560 1.488363054
0 1 5 1.061930543 -0.416704704 0.418543696
0 1 6 3.279241229 0.627346150 1.713463740
0 1 7 0.862513337 0.511608334 2.962335178
HIS -0.031828948 0.082425169 2.733715069
H19 3.504340729 -0.184647082 2.226349129
S120 -0.402017550 -1.327913408 0.630926508
021 0.037371345 -2.905364475 1.035979960
0 22 -1.299537288 -0.607168721 1.767817256
H24 0.143002728 -3.424995163 0.180715646
0 2 5 0.718432601 -1.328794356 -2.920925883
H26 -1.767163771 3.408970245 1.421773532
H27 1.243493676 -1.615615216 -3.699492469
LI28 0.532306498 0.080581250 -1.575365779
L129 -2.214422713 0.987395894 1.487309911
A4.4.16: High-Al aluminosilicate sodium-tetramer -  singly deprotonated 
[A l-S i-S i-A irN a\ [(0H)3Al-0-Si(0H)2-0-Si(0H)(0)-0-Al(0H)3]“Na^
O l -1.570790223 2.971917824 0.754819422
AL2 0.056342628 3.201832389 0.004232780
0 3 1.364114635 2.308354186 0.841777300
0 4 -0.009102914 2.415562227 -1.617510995
0 5 0.395487894 4.952479137 -0.017416881
H6 1.293774559 5.165196420 -0.358726644
H7 -0.769105056 2.736023881 -2.154373570
0 8 -0.810383168 -1.455473110 -0.978522668
AL9 -0.596963117 -2.651804818 -2.311587774
OlO 0.243032709 -4.117481995 -1.670835630
O il -2.126514911 -3.184116045 -3.048138603
H12 -2.726046345 -2.434231958 -3.261847959
H13 -0.399848218 -4.846268718 -1.515687837
SIM 1.527245326 0.845762847 1.552980186
015 1.159858207 -0.390487815 0.464086586
0 1 6 3.153911570 0.756672366 1.991471606
017 0.590837878 0.609705242 2.920323824
HIS -0.177670667 -0.011567740 2.611376584
H19 3.305461949 -0.013747057 2.588844821
SI20 -0.197317328 -1.458044651 0.566486357
021 0.418935555 -3.003422721 0.879632639
022 -1.189075317 -0.917755569 1.728359957
H24 0.444662564 -3.515485886 0.012068605
025 0.505792439 -1.683759391 -3.352180005
H26 -1.786323565 3.677829824 1.405668350
H27 0.853741795 -2.152069357 M. 143897353
NA28 0.712671720 0.239247026 -1.955916758
NA29 -2.462501494 0.925622715 1.376499267
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A4.4.17: Low-Al aluminosilicate lithium-tetramer -  doubly deprotonated
[Si-Si-Si-A lfU *. [0(0H)2Si-0-Si(0H )(0)-0-Si(0H )2-0-A l(0H )3]"X i2 - t  :+
01 -1.676620229 -1.805650811 0.012498694
ALl -0.001957369 -1.740401076 0.711793450
0 2 1.153960956 -1.384379331 -0.607084811
0 3 -0.095531531 -0.461185503 1.975132369
0 4 0.527502724 -3.272767718 1.461344130
HI 1.263022895 -3.677691422 0.949315391
H2 -0.891756657 0.106078407 1.771480554
0 5 -0.607405401 2.411821510 -1.470899185
SI2 -0.812536567 2.411787586 0.199141164
0 6 0.733063661 2.045304167 0.862566430
0 7 -1.072341071 4.064859011 0.483352323
H3 -1.461491733 4.195709540 1.379752464
H4 0.631328509 1.177551164 1.356990338
SI3 1.709414967 -0.305760641 -1.693366231
0 8 0.552237669 0.323006579 -2.714489778
0 9 2.583898194 0.925580671 -0.951209615
OlO 2.798566073 -1.110423832 -2.698983512
H5 2.719526384 -0.774504520 -3.621986093
H6 1.992163550 1.417079638 -0.307659367
S14 -0.918334992 1.151069888 -2.564053898
O il -1.026757873 1.899492129 -4.089511676
01 2 -2.187702377 0.245682296 -2.194095104
H8 -1.957586685 1.826213349 -♦.407196953
01 3 -1.925447548 1.407556786 0.796586290
H9 -1.628043260 -2.015979902 -0.948368688
LI -2.469783790 -0.006813374 -0.351447973
A4.4.18: Low-Al aluminosilicate lithium-tetramer -  doubly deprotonated 
[Si-Si-Si-AI]^ L i \  [0(0H)2Si-0-Si(0H)(0)-0-Si(0H)2-0-Al(0H)3]^ Li*
Ol -1.031483611 1.131311135 1.265307169
ALl 0.260964495 0.463652585 2.359812803
0 2 1.794633151 1.144002764 1.712740712
0 3 0.091224444 1.073814441 4.029993412
0 4 0.251135246 -1.329092456 2.326263644
H2 -0.116977870 0.365757231 4.678607134
0 5 -0.414786092 -0.437287815 -2.250505637
S12 -1.108516076 -1.555582348 -1.158541051
0 6 -2.308293913 -0.688272820 -0.343623596
0 7 -2.048668121 -2.565081408 -2.160967373
H3 -1.649638693 -3.465495099 -2.187766835
H4 -1.872711914 -0.028001358 0.289645387
S13 2.504624217 1.021819964 0.231474755
0 8 1.268027769 1.325086789 -0.936841108
0 9 3.615453113 2.307909120 0.108921410
OlO 3.240987317 -0.378450852 -0.131781209
H6 3.293689448 3.083821276 0.625731797
S14 1.006507270 0.410118976 -2.315386138
O il 0.736986702 1.419187623 -3.637279141
0 1 2 2.345891957 -0.545371792 -2.578586589
H7 2.818612664 -0.589501744 -1.648999308
H8 1.525649284 1.975762948 -3.839468178
01 3 -0.049617112 -2.332088205 -0.233583777
H9 -0.559048690 1.550713473 0.508102938
HIO -0.109897069 -1.675285846 1.454354285
NA 2.036361285 -2.127268644 0.749837193
323
A4.4.19: Low-Al aluminosilicate lithium-tetramer -  doubly deprotonated
[Si-Si-Al-Si]^ L r , [(0H)3Si-0-Si(0H)(0)-0-Al(0H)2-0-Si(0H)20]^ Li2 - T
O l -1.196480963 1.698521230 -0.675495083
S ll 0.319457706 2.283170944 -0.315869618
0 2 1.543363969 1.255784689 -0.820614853
0 3 0.381993924 3.725581092 -1.173922734
0 4 0.522681871 2.571584509 1.322690394
H2 4.330746229 -0.329472333 0.579044267
0 5 -0.532814813 -2.660293701 -1.454737551
SI2 -1.764468726 -1.609659956 -1.091583566
0 6 -2.013404821 -0.574097075 -2.430971598
0 7 -3.191800833 -2.543341079 -1.002979559
H3 -3.046405816 -3.416254212 -1.436800488
H4 1.256301632 4.171424104 -1.078150316
SI3 2.148103654 0.007076695 0.186695605
0 8 2.047888316 -1.438437243 -0.606003922
0 9 3.798458736 0.432391152 0.250307992
OlO 1.367772629 0.068038146 1.616427834
H5 0.867652320 1.661419293 1.664571120
H6 2.647437216 -4.460884323 -0.687505602
M j \ 0.962192408 -2.853430129 -0.488965667
O il 1.764881720 -4.325210366 -1.099690752
0 1 2 0.483435330 -2.935792870 1.267720967
H7 -0.221845074 -3.610468041 1.395286092
H8 -1.693768542 0.329022004 -2.179450239
0 1 3 -1.572112904 -0.702706728 0.252942113
H9 -1.352782071 0.758369377 -0.227889024
LI -0.187749866 -1.071589386 1.558354912
A4.4.20: Low-Al aluminosilicate sodium-tetramer -  doubly deprotonated 
[Si-Si-Al-Si]^-Na", [0(0H)2Si-0-Si(0H)(0)-0-Al(0H)2-0-Si(0H)3]^-Na*
Ol -0.080938819 1.309382875 -0.442739835
Sll -0.574939609 1.326256301 1.210699745
0 2 -1.961529487 0.414133408 1.353223291
0 3 0.681855509 0.926518046 2.150952261
0 4 -1.162603727 2.896484941 1.505452645
HI -0.408658111 3.488767828 1.736806091
H2 -3.666980238 -1.805553124 2.021772824
0 5 1.321104171 -2.429286201 -0.292281834
S12 2.252585298 -1.590306114 0.748268448
0 6 1.711339199 -1.570468556 2.339411655
0 7 3.790346932 -2.290167566 0.753647144
H3 3.815286957 -3.047189860 0.122637728
H4 1.196312297 -0.696132818 2.442004200
SB -2.662028370 -0.743457442 0.294554013
0 8 -1.566229966 -1.989385730 0.168272805
0 9 -3.985083063 -1.342461294 1.211654334
OlO -3.199920648 -0.093905565 -1.070800247
H5 -0.815768868 -2.035212622 -3.196239272
H6 -1.498177237 ^.575879230 -1.113310848
AL4 -0.333568249 -2.554084028 -0.975230113
O il -0.589324862 -4.288685823 -1.357471449
0 1 2 -0.292708287 -1.573389770 -2.502284917
0 1 3 2.439215499 0.040837023 0.328228133
H9 0.793610880 0.838724531 -0.484509404
HIO 1.931590919 0.550116708 1.056602659
NA -1.385581682 0.499166343 -2.290942370
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A4.4.21: High-Al aluminosilicate iithium-tetramer -  doubly deprotonated
[Si-Al-Si-Al]^'2Li*, [0(0H)2Si-0-A l(0H )2-0-Si0(0H )-0-A l(0H )3]^‘2Li*
01 -1.880495443 1.203595942 -1.642443221
SI2 -0.906980155 2.456550706 -1.928102465
0 3 0.674852611 2.282742633 -1.443045784
0 4 -0.892991795 2.898685120 -3.590968978
0 5 -1.385597521 3.920166680 -1.169433604
H6 -2.346922829 4.073653473 -1.324908181
H7 3.335382829 0.257539303 0.168644487
0 8 -0.034212562 -2.673938549 1.092161794
AL9 -1.455867931 -1.978600490 1.915417014
OlO -2.488037144 -1.347247683 0.567704451
O il -2.389347645 -3.181261128 2.847062395
H12 -1.962006940 -3.393058908 3.707993345
H13 -1.060199426 2.090462235 -4.129920145
AL14 1.314692014 1.143998161 -0.238013243
0 1 5 0.512445388 -0.482125398 -0.425196867
0 1 6 3.089189949 0.989738874 -0.449309129
0 1 7 0.964136486 1.781399433 1.438657168
HIS 0.183026361 2.377783073 1.448715171
H19 2.836645844 -2.330154581 -0.890704851
SI20 1.202661995 -1.718039982 0.516172424
021 2.041401728 -2.787233023 -0.531894873
0 2 2 2.137013924 -1.027529590 1.650467827
H24 -3.324590273 -0.918052410 0.852691196
0 2 5 -0.830012747 -0.630311978 2.966479856
H27 -1.550611934 -0.024518134 3.253423304
L128 -1.419181188 -0.335106698 -0.736454084
L129 0.926104697 0.173729105 2.558065001
A4.4.22: High-Al aluminosilicate sodium-tetramer -  doubly deprotonated 
[Si-Al-Si-Al]^‘2Na*, [0(0H)2Si-0-A l(0H )2-0-Si0(0H )-0-A l(0H )3]^‘2Na*
oi 0.161771903 0.208735673 2.606108781
SI2 1.478034701 1.092750373 1.886537995
0 3 0.668717304 1.821248346 0.627687184
0 4 1.806809733 2.398371177 2.954844724
0 5 2.754823732 0.161842687 1.614462011
H7 2.519575629 2.121156714 3.576861348
0 8 -0.827509140 -2.124425488 -0.559303683
AL9 -2.563208121 -2.531055093 -0.679996972
OlO -3.111586637 -2.540133881 -2.405446207
O il -2.945879381 ^.090946298 0.107488553
H12 -2.132270553 -4.557622569 0.402268734
H13 -3.220934305 -3.462320829 -2.729479849
AL14 0.867342085 1.672067962 -1.157083727
0 1 5 -0.037748778 0.204811270 -1.600474051
0 1 6 0.200474494 3.145630475 -1.926794897
0 1 7 2.587062830 1.477874161 -1.660785610
HIS 3.137238643 2.233613441 -1.353393258
H19 -0.564552441 3.516685673 -1.432004135
SI20 0.212404762 -1.462710742 -1.720628945
021 -0.440485971 -1.938181643 -3.242702724
0 2 2 1.746310337 -1.925445632 -1.577811438
H24 -1.411797933 -2.138508115 -3.110822411
0 2 5 -3.318153568 -1.120503412 0.162478020
H26 0.527221748 -0.581741176 3.069024606
H27 -4.190952476 -0.853553592 -0.202540192
NA28 -1.241370256 0.022821665 0.620855486
NA29 3.184203701 -0.543838284 -0.515339359
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A4.4.23: High-Al aluminosilicate Iithium-tetramer -  doubly deprotonated
[Al-Si-Si-Al]^'2Li*, [0(0H)2Al-0-Si(0H)2-0-Si0(0H)-0-Al(0H)j]^'2Li^
O l 2.198195918 1.389121071 1.545118985
AL2 2.518137401 0.666259155 -0.089720535
0 3 2.218131120 -1.095436485 -0.125658178
0 4 1.218134598 1.305093712 -1.181746293
0 5 4.184847467 1.051167824 -0.604309199
H6 4.644377108 0.256438815 -0.959546048
H7 0.984861764 2.244449009 -1.008845903
0 8 -1.997494793 0.765560479 -0.182738617
AL9 -3.016958592 0.353405353 -1.604050843
OlO -4.015515134 -1.107153467 -1.251858762
o n -3.980964590 1.733621559 -2.179275865
H12 M.056802345 2.443280315 -1.502351138
H13 -4.974631578 -0.886348299 -1.260387695
SIM 1.110520094 -1.824821837 0.890786936
0 1 5 -0.400726627 -1.227250615 0.324522934
0 1 6 1.146585413 -3.473960665 0.431319615
0 1 7 1.319914389 -1.580270746 2.466913383
H19 0.993992794 -4.028204201 1.231738420
S120 -1.566912793 -0.225459843 1.104973655
021 -2.926691051 -1.201603933 1.428027545
0 2 2 -1.003877813 0.516993064 2.410077968
H24 -3.443697704 -1.299806610 0.576393305
0 2 5 -1.659458874 -0.088263846 -2.721625104
H26 3.043493902 1.432489382 2.048276062
H27 -1.848829971 -0.791566482 -3.380823146
LI28 -0.278348192 0.065065307 -1.291779653
L129 0.864849484 0.276125824 2.681971014
A4.4.24: High-Al aluminosilicate sodium-tetramer -  doubly deprotonated 
[Al-Si-Si-Al]^'2Na\ [0(0H)2A l-0-Si(0H )2-0-Si0(0H )-0-A l(0H )}]^‘2Na*
O l -2.549994906 -0.155621769 2.346199932
AL2 -1.217296563 -1.369912380 2.379591252
0 3 -0.051199357 -0.634155324 1.226052808
0 4 -0.451451690 -1.657161167 3.959547135
0 5 -1.850718310 -2.849648182 1.563898659
H6 -1.400844896 -3.672405966 1.865730543
H7 0.489348527 -1.363646875 3.878663234
0 8 1.306663854 -0.045901980 -2.258133689
AL9 -0.128890831 0.986851950 -2.102816267
OlO 0.018326986 2.221538786 -0.813995731
o n -0.496761324 1.816042899 -3.646038209
H12 -0.376489306 1.213046213 -4.412546772
SIM 1.539515214 -0.095358077 1.291538021
0 1 5 2.412716076 -0.895073631 0.087388794
0 1 6 1.660009926 1.507179918 1.261671649
0 1 7 2.226323445 -0.716219596 2.752075593
H18 2.460866596 -1.664247293 2.623507406
H19 3.964447261 -0.777358864 -2.360797210
S120 1.972294469 -1.370653617 -1.491130085
021 3.486847960 -1.635643245 -2.265075285
0 2 2 1.102510874 -2.721588000 -1.525489282
H24 0.700862231 1.991657313 -0.094524668
0 2 5 -1.562465068 -0.035931046 -1.566078835
H26 -3.446439665 -0.559879221 2.316114596
H27 -2.263644882 -0.058520030 -2.256035104
NA28 -1.625086795 1.174932287 0.588042048
NA29 -0.917823487 -2.166250685 -0.624482155
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A4.4.25: Low-Al aluminosilicate lithium-4MR, [4M R-lAl]Lr
Ol 0.505850835 1.730708605 1.460060460
SI2 1.339969791 1.625693577 0.013198761
0 3 1.623456073 0.086833674 -0.430723851
0 4 0.491601109 2.355856283 -1.240911299
0 5 2.744353560 2.515526207 0.232645860
H6 3.088620055 2.431076403 1.152830155
H7 0.205082451 0.625972969 -2.877962586
0 8 -0.653001107 -0.735191848 1.939793935
SI9 -0.641708244 0.890029128 2.310147661
OlO -2.165580024 1.526926091 2.056181782
O il -0.171874065 1.133854340 3.891143214
H12 -0.823270848 0.758827004 4.530215352
H13 0.234484884 3.287940958 -1.044013892
AL14 0.780871553 -1.131341486 -1.411705240
0 1 5 -0.565825641 -1.910017135 -0.548646574
01 6 0.233068417 -0.355119481 -2.955195589
01 7 1.885392385 -2.278345357 -2.233852327
HIS 2.100671977 -3.132925787 -1.798947198
H19 -3.426076937 -1.089187338 -0.206695921
SI20 -1.453004823 -1.659757509 0.792926808
021 -2.873881848 -0.781286266 0.550296688
022 -1.898652132 -3.116133288 1.489833128
H23 -1.241914784 -3.823718866 1.284742553
H24 -2.690249986 0.901873760 1.487953043
LI25 1.426193707 -1.525167750 -4.007305822
A4.4.26: Low-Al aluminosilicate sodium-4MR, [4M R-lAl]Lr
Ol -0.279025729 1.412510894 1.409344609
SI2 0.894480039 1.695683596 0.230377461
0 3 1.958588928 0.463640320 0.061651829
0 4 0.050202590 1.920322600 -1.217246536
0 5 1.736575307 3.055463948 0.705822865
H6 1.146235034 3.789963700 0.998741526
H7 0.377627872 1.210595573 -1.870523665
0 8 -1.303504840 -1.145176249 1.387111454
S19 -1.649075608 0.475507038 1.254934313
OlO -2.328448564 0.786462426 -0.252825584
O il -2.697230324 0.905654698 2.471201441
H12 -3.054350897 0.123782712 2.955781224
H13 -1.647234070 1.278031228 -0.801205983
AL14 1.763759909 -1.002990748 -1.038626974
01 5 0.633875906 -2.130998913 -0.267763573
0 1 6 1.131789932 -0.183327468 -2.502650534
0 1 7 3.465245384 -1.508672643 -0.970416555
HIS 3.661552600 -2.434263000 -1.233541765
H19 0.562383779 -0.740024361 -3.080582862
S120 -0.931344797 -2.260573765 0.170946715
021 -2.045376512 -2.033232392 -1.061999529
0 22 -1.258365046 -3.796923603 0.745677530
H23 -0.458278927 -4.214082115 1.143778113
H24 -2.344710291 -1.086111977 -1.056851856
NA25 4.263235116 0.084898659 0.533771617
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A4.4.27: Low-Al aluminosilicate lithium-4MR -  singly deprotonated,
[4MR-lAl]“ L r
Ol -1.304136103 0.473276290 0.577657272
SI2 -0.280491632 1.752162041 0.155212584
0 3 0.683784933 1.364484721 -1.104412312
0 4 -1.241830635 3.073930918 -0.229019466
0 5 0.551475643 2.186127669 1.548700155
H6 0.749449905 1.309287530 2.006597701
H7 -1.153368407 3.311449219 -1.181654230
0 8 -0.748849037 -2.148000370 0.404829627
S19 -0.718475710 -0.852740226 1.486395659
OlO -1.848199533 -1.197671359 2.687273860
O il 0.726475122 -0.531045171 2.120365168
H13 -2.706855043 -1.503920028 2.310609115
AL14 1.518763996 -0.066299989 -1.782637215
015 0.372798219 -1.422436649 -2.008219335
0 1 6 2.330254613 0.302888903 -3.321332616
0 1 7 2.780646825 -0.507419838 -0.559804536
H18 3.409591237 -1.178757304 -0.910909789
H19 1.705911561 0.295128674 -4.081590865
SI20 -0.921643316 -2.079130338 -1.264330924
021 -2.372571754 -1.291843505 -1.607271415
022 -1.201309648 -3.636168625 -1.827529883
H23 -0.363365383 -4.058693041 -2.130232091
H24 -2.421398355 -0.487641947 -1.031872167
L125 2.355897630 -0.826574274 1.283742226
A4.4.28: Low-Al aluminosilicate sodium-4MR -  singly deprotonated, 
[4MR-lAl]“Na^
Ol -0.129518816 2.379969131 1.114668862
S12 1.126566594 1.937421940 0.087055821
0 3 1.786620411 0.495466107 0.496496301
0 4 0.492990957 1.922333520 -1.474774299
0 5 2.356495545 3.073973326 0.213065508
H6 2.027125500 3.986110132 0.029665468
H7 1.041081166 -0.119352606 -2.143533460
08 -1.782892913 0.321639433 1.704311549
S19 -1.713110085 1.808474221 0.891205111
OlO -2.077968334 1.660549308 -0.681346602
O il -2.682990471 2.839729407 1.807603315
H12 -3.285981500 3.349356929 1.217014283
H13 -0.521937494 1.828188455 -1.360371987
AL14 1.302893410 -1.134029750 -0.081957722
015 -0.192303954 -1.699451412 0.703370155
0 1 6 1.200906378 -1.057781302 -1.882629842
0 1 7 2.623036696 -2.336779803 0.087724028
H18 2.440227207 -3.074642081 0.711455424
H19 -2.503162086 -0.003280746 -0.753468004
SI20 -1.725969552 -1.166996812 0.914670168
021 -2.601377015 -0.990470625 -0.505405263
022 -2.452463017 -2.337745601 1.879374815
H23 -3.397536864 -2.124090552 2.065277126
NA25 2.910565745 -2.608440579 -2.250625100
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A4.4.29: Low-Al aluminosilicate lithium-4MR -  doubly deprotonated,
[4M R -lA lf‘Li*
O l -0.913600053 1.692206182 0.993155875
SI2 0.788685366 1.968979436 1.128934363
0 3 1.426767924 1.590817636 -0.360778036
0 4 0.925722688 3.672038437 1.196822169
0 5 1.426693819 1.188425074 2.384000190
H7 0.839676981 3.968911343 2.133043605
0 8 -2.180572845 -0.356570705 -0.211036293
SI9 -1.756120313 0.253743460 1.331047112
OlO -3.230956698 0.733213226 2.037036367
o i l -1.001556904 -0.819749793 2.245559451
H13 -3.670807055 1.441678935 1.510125934
AL14 1.466593020 -0.048401908 -1.064869967
0 1 5 -0.048229656 -0.374690021 -1.992319872
0 1 6 2.888143709 -0.228902483 -2.128492768
0 1 7 1.515745911 -1.278518871 0.274373100
HIS 0.871091065 -1.996136760 0.078093845
H19 3.250795049 0.649370792 -2.380316416
S120 -1.586352605 0.107284522 -1.702540605
021 -1.800783629 1.779967977 -1.814438112
02 2 -2.600914176 -0.544042519 -2.880512785
H23 -2.081312836 -1.109946836 -3.498780278
H24 -1.489771964 2.136651489 -0.939465575
LI25 0.895029397 -0.634325123 2.112653740
A4.4.30: Low-Al aluminosilicate sodium-4MR -  doubly deprotonated, 
[4MR-lAlf-Na*
Ol -1.144255869 0.946661358 1.469124413
SI2 0.281560968 1.915604914 1.460608444
0 3 0.738122887 2.015956960 -0.138709057
0 4 -0.334551542 3.483792310 1.794972325
0 5 1.408164449 1.437814341 2.498377915
H7 -0.140071622 3.697295579 2.736667213
0 8 -1.901491072 -1.173324698 0.004102670
SI9 -1.362312996 -0.732283878 1.573402765
OlO -2.738890335 -0.931455295 2.565520947
O il -0.155191463 -1.634087833 2.098808283
H13 -3.450471106 -0.295181578 2.318186718
AL14 1.131533457 0.718070640 -1.289972110
01 5 -0.363128546 -0.010295966 -1.994776979
0 1 6 2.149123416 1.382657111 -2.598378853
0 1 7 1.996414665 -0.658531281 -0.490922546
HIS 1.451961274 -1.469515921 -0.614627392
H19 2.185719944 2.364602522 -2.558092252
S120 -1.862656356 -0.259295151 -1.389429995
021 -2.707126793 1.176418834 -1.093129276
0 2 2 -2.799094610 -1.071810034 -2.532613437
H23 -2.263373692 -1.254568563 -3.339940673
H24 -2.360966086 1.519941936 -0.229004278
NA25 1.935173228 -0.723191005 1.925816827
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A4.4.31: Low-Al aluminosilicate lithium-4MR -  triply deprotonated,
[4MR-lAl]’ L r
Ol -1.883343907 -0.421937169 1.041581873
SI2 -1.369292431 1.091938285 1.681019243
0 3 -0.373825070 1.764955819 0.529883275
0 4 -2.787241554 2.053877725 1.627329707
0 5 -0.742386036 0.949565351 3.159942198
H7 -3.176583858 2.085886266 2.531862082
0 8 -0.207625461 -2.164831532 -0.209399497
SI9 -1.132670344 -1.948669592 1.182374325
OlO -2.415389498 -3.076696366 1.084456847
O il -0.299237347 -2.154415832 2.538231953
H13 -2.822615719 -3.053810485 0.186787893
AL14 1.149566569 0.983191436 -0.011017097
0 1 5 0.929223426 -0.044878953 -1.451260990
0 1 6 2.361606286 2.258247962 -0.359034692
0 1 7 1.752524787 -0.107983732 1.333569029
H18 1.644397374 -1.030392485 1.002893059
H19 2.010863936 3.147749949 -0.129588122
SI20 -0.141845904 -1.311423626 -1.704514399
021 -1.723036797 -0.635250447 -1.858445125
0 2 2 0.206982953 -2.255646938 -2.945804590
H24 -1.970013908 -0.294022706 -0.959342614
LI25 0.517939900 -0.462556683 2.960333397
A4.4.32: Low-Al aluminosilicate sodium-4MR -  triply deprotonated, 
[4MR-lAlf-Na*
Ol -1.847764962 -0.391961712 1.125329364
S12 -1.351424284 1.121230546 1.773454725
0 3 -0.341589218 1.796872539 0.633316906
0 4 -2.783242421 2.075857439 1.673531608
0 5 -0.797671888 1.035031527 3.280922209
H7 -3.135455816 2.161576652 2.590227031
0 8 -0.024768310 -2.063524869 -0.039242876
S19 -1.173982739 -1.951614665 1.204936829
OlO -2.473237302 -2.956444137 0.710748911
O il -0.564912989 -2.385809655 2.617643807
H13 -2.701886648 -2.718541635 -0.221030378
AL14 1.118754029 1.019453603 -0.054666300
0 1 5 0.749095849 0.058818204 -1.521370898
0 1 6 2.283934759 2.318397866 -0.487452825
0 1 7 1.864291617 -0.122494338 1.156760704
H18 1.539915818 -1.006304426 0.849857599
H19 1.937704156 3.191482164 -0.195498694
S120 -0.102316863 -1.380795119 -1.622009489
021 -1.782216301 -0.983377841 -1.793823110
0 2 2 0.366660981 -2.382182052 -2.773520037
H24 -2.036800686 -0.453498192 -0.995840710
NA25 0.784910616 -0.609275652 3.319583379
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A4.4.33: Low-Al aluminosilicate lithium-4MR -  4H deprotonated,
[4MR-lAl]‘' 'L r
Ol -1.846087155 -0.790489734 0.514075837
SI2 -0.893212997 -1.682543041 1.728556693
0 3 -0.054009761 -0.428120002 2.530163496
0 4 -1.948710637 -2.406659772 2.716300551
0 5 0.185898070 -2.608883838 0.906440129
0 8 -1.146361740 1.452617923 -0.859111707
SI9 -1.474490399 -0.200996638 -1.020638679
OlO -2.939825947 -0.289716749 -1.917711789
O il -0.309730878 -0.977495500 -1.814985155
H13 -3.640469715 0.239511606 -1.469537550
AL14 0.961259801 0.827329370 1.799113451
0 1 5 0.069504678 2.330158403 1.398780043
0 1 6 2.299148078 1.238919109 2.940367872
0 1 7 1.723604350 0.244705040 0.234284898
HIS 1.269750744 0.732235458 -0.492382977
H19 2.170826926 0.761296137 3.790398014
S120 -1.326016680 2.511045910 0.484878629
021 -2.631605647 1.817236244 1.375734187
0 22 -1.652912153 4.017396748 0.052491466
H24 -2.478524822 0.831670725 1.346324008
L125 0.904465761 -1.540318692 -0.424985371
A4.4.34: Low-Al aluminosilicate sodium-4MR -  4H deprotonated, 
[4MR-1AI]"-Na*
01 -1.769248917 -0.831481376 0.494596512
SI2 -0.871253314 -1.749482642 1.729384594
0 3 0.068943270 -0.535532516 2.482748390
0 4 -1.989857098 -2.315342570 2.757757075
0 5 0.108090669 -2.815157739 0.964573777
0 8 -0.921953258 1.370839156 -0.862750594
S19 -1.487631955 -0.227794603 -1.050286711
OlO -3.075086291 -0.074840626 -1.715050004
O il -0.547925921 -1.079971007 -2.032809032
H13 -3.609532522 0.465406777 -1.085553613
AL14 0.961887860 0.847640249 1.843425757
0 15 -0.068678895 2.289270192 1.536422557
0 1 6 2.238563428 1.289853221 3.045025149
0 1 7 1.799838537 0.497922658 0.253875065
HIS 1.206316869 0.927253223 -0.410242830
H19 2.144886659 0.731690250 3.850224761
S120 -1.306089097 2.461527399 0.419459001
021 -2.733139608 1.775724196 1.120874482
0 22 -1.574246292 3.956792213 -0.087469084
H24 -2.545690826 0.799666538 1.210761723
NA25 1.214306580 -1.705084285 -0.646410928
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A4.4.35: High-Al aluminosilicate lithium-4MR, [4MR-2Al]2Lr
Ol -0.204226282 1.547048057 1.246615819
SI2 0.696619252 1.906663938 -0.103770634
0 3 1.819161979 0.738337395 -0.379070728
0 4 -0.356918196 2.010531001 -1.433113568
0 5 1.555745409 3.333953333 0.070163565
H6 0.971653393 4.093473884 0.303852833
H7 0.749039084 -1.639156694 -2.926046855
0 8 -1.9186% 179 -0.680093494 1.528392131
AL9 -1.979816007 1.102820524 1.364566273
OlO -2.684289263 1.599127425 -0.219671553
O il -2.709211132 1.898343130 2.762461587
H12 -3.097907637 1.268853153 3.410786794
H13 -1.318787849 1.935356729 -1.079903699
AL14 1.512845891 -0.987722029 -0.763851664
0 1 5 0.475643972 -1 543172490 0.616574090
0 1 6 0.468844252 -0.969551881 -2.261019779
0 1 7 2.961680408 -1.948741274 -1.022656764
HIS 3.199333998 -2.528830660 -0.264810343
H19 -1.088446359 -1.727726831 -1.523805584
S120 -1.159736618 -1.877474557 0.693374394
021 -1.746012413 -2.096990691 -0.865779221
0 2 2 -1.457023543 -3.273465646 1.580577514
H23 -1.031317199 -4.061062935 1.166592216
H24 -3.193205009 2.438237080 -0.171105119
LI 0.665623733 -0.092938830 1.947205563
LI -0.032640104 0.776830294 -2.922495100
A4.4.35: High-Al aluminosilicate sodium-4MR, [4MR-2Al]2Na^
01 -0.906025405 0.922882759 1.608653685
SI2 0.272167188 1.938124160 1.058237941
0 3 1.411874734 1.165404028 0.150434814
0 4 -0.460055948 3.058635956 0.001561787
0 5 1.079091179 2.745063977 2.289010974
H6 0.465002168 3.272617500 2.853095147
H7 3.643040377 -0.392782475 -1.225134336
0 8 -1.613854740 0.087892275 -1.138826760
AL9 -2.284342004 0.508644670 0.481184238
OlO -3.169214836 2.040700048 0.221724271
O il -2.910668194 -0.896010858 1.376362645
H12 -3.435358981 -1.529171106 0.839088117
H13 -1.455122827 2.971216131 0.077531897
AL14 1.844455088 -0.579631106 0.301651428
0 15 0.352646630 -1.565611966 -0.130607216
0 1 6 2.908710297 -1.027083085 -1.059574165
0 1 7 1.947969188 -1.152497114 1.985766853
HIS 2.444934416 -0.554425297 2.587359201
H19 1.448060739 -0.770538504 -2.336774539
SI20 -0.558017897 -1.148489376 -1.438064938
021 0.512140207 -0.565022433 -2.630494610
0 22 -1.470916115 -2.423004994 -2.042411979
H23 -0.911044567 -3.199133563 -2.283841427
H24 -3.557050223 2.394179471 1.053979245
NA25 -0.526963020 -1.459827284 2.168281141
NA26 0.161155219 1.786070024 -2.015607148
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A4.4.35: High-Al aluminosilicate lithium-4MR -  singly deprotonated,
[4MR-2Air2Li^
Ol -0.900706840 1.218513793 1.048081135
SI2 0.337443729 2.009723663 0.200453570
0 3 1.649971708 1.004913979 0.572119846
0 4 0.062177886 2.233825974 -1.367471315
0 5 0.642244504 3.450555251 1.061736816
H6 0.512965623 4.212628225 0.452163179
H7 1.861870341 -0.753389695 -2.628063731
0 8 -1.224017853 -1.569434842 1.214670014
AL9 -1.997699921 -0.095968966 0.498143541
OlO -1.917026817 -0.169445589 -1.305430532
O il -3.673268571 0.052654935 1.058170786
H12 -3.805850142 -0.341447577 1.949020680
AL14 2.167307066 -0.487726324 -0.271239136
0 1 5 1.414649496 -1.723237605 0.840443808
0 1 6 1.270478855 -0.734573837 -1.841426760
0 1 7 3.917171664 -0.692599847 -0.414437633
H18 4.420455621 0.077163360 -0.065030930
H19 0.291790884 -2.310183410 -1.511035153
SI20 -0.017569125 -2.540886085 0.647539853
021 -0.188842383 -2.998693924 -0.965317818
0 2 2 -0.116279049 -3.934983272 1.580147017
H23 0.529013866 -4.618867265 1.284487153
H24 -2.122210021 -1.076669438 -1.625723315
LI 0.477898278 -0.069831712 1.897813024
LI -0.289135374 0.565797721 -2.157616093
A4.4.35: High-Al aluminosilicate sodium-4MR -  singly deprotonated, 
[4MR-2Al]~2Na^
Ol -0.119487676 0.987792714 0.944466395
SI2 1.145742464 1.219006228 -0.094983963
0 3 1.735360980 -0.153827275 -0.807276253
0 4 0.647512060 2.227798854 -1.365208898
0 5 2.467966194 1.919710663 0.680759168
H6 2.211162491 2.757047078 1.135044728
H7 2.394793896 -3.742715392 -1.519555314
0 8 -2.200539080 -0.785455026 0.236455552
AL9 -1.870392865 0.969362881 0.425176008
OlO -1.998118219 1.776325576 -1.186189676
O il -2.778505805 1.740433120 1.738445224
H12 -3.750245906 1.734680134 1.588746506
H13 -0.374926791 2.240043344 -1.353375231
AL14 1.518098995 -1.896938557 -0.400822870
0 1 5 -0.198508698 -2.374455496 -0.533177031
0 1 6 2.597047231 -2.780439063 -1.501137276
0 1 7 1.766891015 -2.157493206 1.368082722
H18 2.576141658 -1.715743938 1.711477394
SI20 -1.575807731 -1.607056018 -1.108074512
021 -1.385174107 -0.637966802 -2.395997338
0 22 -2.672242712 -2.861304513 -1.507058901
H23 -2.549030033 -3.624750593 -0.894624974
H24 -1.905667531 0.980116769 -1.806001809
NA25 -0.465826950 -1.488061163 1.840196616
NA26 0.636030731 0.273106544 -2.966561001
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A4.4.35: High-Al aluminosilicate lithium-4MR -  doubly deprotonated,
[4MR-2A1]^'2U*
Ol -0.557087145 2.322543974 -0.161233006
SI2 0.794635125 2.300637868 -1.177350099
0 3 1.979911769 1.664859760 -0.155310470
0 4 0.597341037 1.510572619 -2.569688961
0 5 1.244042387 3.939825351 -1.402837227
H6 1.257483653 4.128402482 -2.369686494
0 8 -1.026923794 0.358386275 1.742357020
AL9 -1.693169718 0.957895815 0.161807498
OlO -1.516282689 -0.406749018 -1.007239579
O il -3.354002441 1.592204810 0.269712684
H12 -4.010923087 0.908380614 0.006907926
AL14 2.370033769 -0.066209551 0.161959068
01 5 1.509099839 -0.323207358 1.740341519
0 1 6 1.576502468 -1.199058556 -0.999311433
0 1 7 4.135082260 -0.273737742 0.275329525
HIS 4.596304060 0.591771375 0.190733562
H19 0.937136185 -1.729874534 -0.425889408
SI20 -0.032585577 -1.001134973 1.876835783
021 -0.351254017 -2.172454831 0.797778840
0 2 2 -0.180628582 -1.537801333 3.494385142
H23 -0.413821065 -2.495188905 3.487862437
H24 -1.231501657 -1.183960608 -0.426277567
LI 0.650315472 1.628983435 1.504112028
LI 0.158494645 -0.262555771 -2.103159781
A4.4.35: High-Al aluminosilicate sodium-4MR -  doubly deprotonated, 
[4MR-2Al]^‘2Na*
Ol 1.518772171 -0.581273401 0.993095316
SI2 1.475302241 0.982673328 0.355129795
0 3 1.370122586 0.791171047 -1.307576525
0 4 0.349076508 1.922393155 1.053127069
0 5 3.050927943 1.644880635 0.591040700
H6 2.969984501 2.389176504 1.232948075
H7 -2.063935189 0.993554791 -1.903825984
0 8 -0.914366537 -2.012907880 0.529424088
AL9 0.088509526 -1.311752188 1.844845739
OlO -0.645518569 -0.031500475 2.852215334
O il 0.607576349 -2.665526860 2.902918025
H12 0.542752484 -3.535534996 2.448663120
H13 -0.362700502 0.805010717 2.372852090
AL14 0.029196589 0.468042882 -2.453846627
0 1 5 -0.604348756 -1.173504960 -2.002855933
0 1 6 -1.377235296 1.584141965 -2.343426657
0 1 7 0.817604934 0.469054388 -4.064830695
HIS 0.169741542 0.394459191 -4.801891164
SI20 -1.756874416 -1.400073385 -0.780393642
021 -2.675573702 -0.082032116 -0.545881406
0 2 2 -2.725968305 -2.741191871 -1.266165988
H23 -3.597826247 -2.394151202 -1.567102537
NA 1.355026095 -1.919918259 -0.927570553
NA -1.733974945 1.906200079 0.185827624
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A4.4.35: High-Al aluminosilicate lithium-4MR -  triply deprotonated,
[4MR-2Al]^'2Li^
O l 0.426578630 1.266178622 1.238783447
SI2 0.632913617 2.132533194 -0.193248369
0 3 1.892170138 1.303211752 -0.951906401
0 4 -0.695807594 2.318101469 -1.094085857
0 5 1.289780905 3.651977411 0.272835571
H6 0.705841483 4.351010070 -0.104382180
0 8 0.899680404 -1.520569112 1.242836433
AL9 -0.425408749 -0.319380909 1.434690450
OlO -1.588983227 -0.591081963 0.079764782
O il -1.120176128 -0.400339299 3.084927033
H12 -0.835487256 -1.232308460 3.526951851
AL14 1.802905371 -0.117283624 -2.081798668
0 1 5 2.292401509 -1.453448711 -0.986596383
0 1 6 0.123476242 -0.484121904 -2.627045056
0 1 7 2.939915841 0.227040007 -3.421614709
HIS 3.355914008 1.104460558 -3.259709985
H19 -0.062204633 -1.370667813 -2.138681221
S120 1.204835019 -2.522025124 -0.148065403
021 -0.205854533 -2.628086963 -1.024319387
0 2 2 1.930605951 -3.903806414 0.264240476
H24 -1.202161405 -1.442136287 -0.345577827
LI 2.173345135 -0.088429646 0.593811035
LI -1.207900965 0.553395341 -1.526354191
A4.4.35: High-Al aluminosilicate sodium-4MR -  triply deprotonated, 
[4MR-2Al]^'2Na*
01 -0.090186013 0.824947191 1.916590028
SI2 -1.059325031 1.443109464 0.684903839
0 3 0.016363506 1.920487954 -0.522541511
0 4 -2.294170269 0.522424260 0.205833841
0 5 -1.664090535 2.932458262 1.337314234
H6 -2.642531724 2.894607930 1.226998681
0 8 2.490463788 -0.359702460 1.339274623
AL9 0.857375718 -0.710263494 2.001137002
OlO 0.145345202 -2.035261006 1.006933329
O il 0.973663129 -1.099478450 3.758962828
H12 1.869107361 -1.454252493 3.959592566
AL14 0.916160353 0.997777547 -1.796614137
0 1 5 2.553845965 0.715469483 -1.118127928
0 1 6 0.236232987 -0.617005575 -2.210105993
0 1 7 0.935428292 2.062174489 -3.252483283
HIS 0.480580016 2.908520621 -3,042687356
H19 0.933770985 -1.236279650 -1.777414528
S120 3.032169347 -0.720558425 -0.269916994
021 2.108381463 -1.985826010 -0.844196662
0 2 2 4.639009378 -0.912918939 -0.312113493
H24 0.877042066 -2.150404364 0.295009095
NA25 2.026262912 1.929249332 0.921410190
NA26 -1.412099576 -1.354278248 -0.679321573
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A4.4.35: High-Al aluminosilicate lithium-4MR -  4H deprotonated,
[4MR-2Al]^*2Lr
OI 1.008020184 0.619492263 1.820979441
SI2 1.771098238 1.343469419 0.435466479
0 3 2.074617056 -0.106939605 -0.480161829
0 4 0.662968713 2.250468506 -0.375937405
0 5 3.172606817 2.037026626 0.862500957
0 8 -0.281860109 -1.869558857 1.789579367
AL9 -0.604680690 -0.114494160 2.058510997
OlO -1.806613562 0.401171645 0.803778713
O il -1.160678244 0.155361010 3.749743816
H12 -1.366817796 -0.717059606 4.156568313
AL14 1.088348185 -1.127014651 -1.575500618
0 1 5 0.741852208 -2.558446834 -0.539011061
0 1 6 -0.518402726 -0.415040275 -2.011551651
0 1 7 2.075141905 -1.548988638 -3.019230748
HIS 2.939399307 -1.083470425 -2.948375442
H19 -1.160094704 -1.038989929 -1.506129652
S120 -0.702998171 -2.806868966 0.389028041
021 -1.956408969 -2.032901418 -0.387447570
0 2 2 -0.908918179 -4.366176356 0.765206143
H24 -2.018571777 -0.493743724 0.351753696
LI 1.540496173 -1.343354018 1.040003416
LI -0.778519663 1.141797042 -0.751320661
A4.4.35: High-Al aluminosilicate sodium-4MR -  4H deprotonated, 
[4MR-2Al]^'2Na^
O l 1.411496854 0.349780252 1.888517928
S12 1.309186674 1.752559229 0.870702068
0 3 1.363288974 1.039923497 -0.711327101
0 4 -0.135221030 2.503045110 1.090672726
0 5 2.653725627 2.645837868 1.081358662
0 8 1.005620593 -2.399285173 1.070060880
AL9 0.458466263 -1.118816334 2.210037650
OlO -1.326380327 -0.921167249 1.977782576
O il 0.870905820 -1.634731990 3.897067687
H12 0.955985637 -2.614034851 3.924066499
AL14 0.365757046 0.000701931 -1.761597329
0 1 5 0.936642535 -1.689693514 -1.515978004
0 1 6 -1.412548344 -0.018772593 -1.434254916
0 1 7 0.639503887 0.537346023 -3.470446450
HIS 1.267960945 1.294119472 -3.483853264
H19 -1.530592983 -0.956613877 -1.033064211
S120 0.226120775 -2.821014639 -0.414982612
021 -1.393421091 -2.449210298 -0.263123188
0 2 2 0.577964450 -4.345568812 -0.838365423
H24 -1.479267550 -1.531123076 1.168800147
NA25 2.606545105 -0.899625703 0.083129686
NA26 -1.734091366 0.999018065 0.669124075
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A 4 .5 : Water and the hydroxide ion 
A4.5.1: Water
HI
02
H3
0.775180689
- 0.000010011
-0 .775170678
0.000000000
0.000000000
0.000000000
-0 .204358106
0 .408708528
-0.204350421
A4.5.2: The hyddroxide ion
HI
02
0.785704915
-0 .017030765
0.000000000
0.000000000
-0 .212220876
0.411214995
References:
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Appendix 5: Alternative oligomer reactions
Other possible aluminosilicate oligomer condensation reactions; including the 
condensation o f multiple anionic species resulting in the formation o f oligomers with 
charge equal to the sum o f the charges on the anionic reactants.
Key to tables: All reactions are condensation reactions, forming water as a 
product in addition to the products identified in tables A5.1-2. The cations (C^) are 
omitted from the oligomer descriptions for clarity. The number o f cations 
coordinated to each fragment is equal to the number o f T=A1 atoms, unless otherwise 
stated, as defined in the Key to Figures and Tables, p. 19. The condensation energies 
are given in kJmol *.
A5.1: Alternative gas phase oligomerisation reactions 
A5.2: Alternative solution phase oligomerisation reactions
A5.1 : Alternative gas phase oligomerisation reactions
Reactants Products
Li Na
Eo G298K G450K Eo G298K G450K
Neutral products
Si(0H)4C^ + A1(0H)4 Dimer [Si-A l] -564 -543 -535 -518 -498 -489
Dimer [Si-Si] + A l(O H )4"C* Trimer [Si-Si-A l] -8 6 -6 6 -56 -96 -77 -68
Dimer [Si-A l] + Dimer [Si-Si] Tetramer [S i-S i-A l-Si] -42 -25 -18 -49 -27 -18
Dimer [Si-A l] + Dimer [Si-Si] Tetramer [S i-S i-S i-A l] -44 -29 -21 -46 -27 -17
Trimer [3Si] + A1(0H)4” C" Tetramer [S i-Si-Si-A l] -91 -75 -6 6 -101 -80 -6 8
Dimer [Si-A l] + Dimer [Si-A l] Tetramer [S i-A l-Si-A l] -59 -46 -40 -87 -80 -77
Dimer [Si-A l] + Dimer [Si-Al] Tetramer [A l-Si-S i-A l] -75 -68 -65 -74 -67 -65
Dimer [Si-A l] + S i(0H )4 3MR-1A1 + 10 -30 -48 +7 -34 -52
Dimer [Si-Si] + A1(0H)4~C" 3MR-1A1 -42 -72 -85 -53 -82 -95
Dimer [Si-A l] + A1(0H)4"C" 3MR-2A1 -38 -69 -83 -41 -71 -85
Trimer [S i-A l-Si] + Si(0H )4 4MR-1A1 +35 -9 -29 +44 +3 -16
Trimer [S i-S i-A l] + Si(0H )4 4MR-1A1 +29 -16 -37 +27 -1 0 -26
Trimer [3Si] + A1(0H)4"C" 4MR-1A1 -39 -76 -93 -52 -81 -95
3ring-Si + monomer-Al 4MR-1A1 -78 -61 -55 -90 -6 6 -56
Trimer [Si-Si-AI] + A1(0H)4~C’ 4MR-2A1 -23 -53 -6 6 -83 -104 -1 1 2
Trimer [S i-A l-Si] + A1(0H)4~C’ 4MR-2A1 -17 -46 -58 -6 6 -91 -102
Trimer [S i-S i-A l] + Si(0H )4 4MR-2A1 +74 +45 +32 +9 -14 -24
3MR-1A1 +A1(0H)4~C^ 4MR-2A1 -67 -47 -37 -126 -98 -85
Charged Products
A 1 (0 H ),0 - C' + S i(0H )4 Dimer [Si-Al] -209 -208 -208 -225 -214 -2 1 0
A 1 (0 H ),0 - C* + S i(0 H ) ,0 ~ Dimer [Si-Al]^' + 176 + 195 +203 + 180 + 199 +208
S i(0 H )4 0  C  + A l(O H ),0 ‘ Dimer [Si-Al]*' -332 -319 -313 -286 -273 -267
Al(OH)4 + S i(0 H ):0 :'C " Dimer [Si-Al]*' +245 +263 +271 +249 +267 +276
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Reactants Products
Li Na
E? G298K G450K Eç G298K G450K
Dimer [S -A ll + S i(0 H )3 0 ” Trimer [S i-S i-A l] -182 -169 -163 -145 -136 -131
Dimer [S -Si] + A 1 (0 H )3 0 'C Trimer [S i-S i-A l] -304 -288 -280 -311 -299 -292
Dimer [S -A l]”  + S i(0 H )3 0 ” Trimer [S i-S i-A l]'' + 161 + 190 +204 + 156 + 172 + 179
Dimer [S -Al] + S i ( 0 H ) ,0 ” Trimer [S i-A l-S i]” -144 -134 -130 -123 -112 -108
Dimer [S -A l]” + S i(0 H )3 0 ” Trimer [S i-A l-S i]'' + 141 + 162 + 172 + 142 + 154 + 159
Dimer [S -Al] + A 1(0H )30''C * Trimer [A l-Si-A l] -235 -225 -220 -286 -280 -276
Dimer [S -A l]”  + A1(0H)30-'C^ Trimer [A l-S i-A l]'' + 120 + 151 + 166 + 112 + 131 + 141
Dimer [S -Al] + S i(0 H )3 0 ” [3M R-1A1]” -98 -127 -140 -69 -98 -111
Dimer [S -A l]” + S i(0H )4 [3M R-1A1]” -24 -48 -58 -24 -56 -70
Dimer [S -Si] + A 1 (0 H )3 0 'C [3M R-1A1]” -220 -246 -258 -236 -261 -272
Dimer [S -Al]” + S i(0 H )3 0 ” [3M R-1A1]-' +295 +275 +267 +262 +237 +226
Dimer [S -A l]' + Si(0H )4 [3M R-1A1]-' -90 -128 -145 -143 -176 -191
Dimer [S -Al]” + A1(0H )4~C’ [3M R-2A1]” -22 -41 -49 -10 -39 -52
Dimer [S -Al] + A 1 (0 H )3 0 -C [3M R-2A1]” -166 -198 -212 -162 -195 -210
Dimer [S -Al]” + A 1 (0 H )3 0 'C [3M R-2A1]-' +254 +231 +221 +253 +221 +207
Dimer [S -Al]-' + A1(0H)4” C^ [3M R-2A1]-' -62 -95 -110 -45 -78 -93
Trimer [Si-Si-A l] + Si(O H )jO “ Tetramer [S i-S i-S i-A l] -196 -176 -167 -162 -141 -132
Trimer [3Si] + A 1(0 H)3 0 ‘ C^ Tetramer [S i-S i-S i-A l] -334 -313 -304 -347 -327 -317
Trimer [S i-S i-A l]"  + S i(O H ),0 " Tetramer [S i-S i-S i-A l]' + 135 + 164 + 178 + 134 + 163 + 175
Trimer [S i-S i-A l] + S i ( 0 H ) ,0 “ Tetramer [S i-S i-A l-S i] -154 -137 -129 -140 -131 -128
Trimer [S i-A l-Si] + Si(0 H ) 3 0 Tetramer [S i-S i-A l-S i] -148 -130 -122 -122 -119 -117
Trimer [S i-A l-S i]” + S i(0 H)3 0 ” Tetramer [S i-S i-A l-S i]'' + 175 +202 +215 + 142 + 154 + 159
Trimer [S i-A l-S i]”  + S i(0 H )3 0 ” Tetramer [S i-S i-A l-S i]'' + 137 + 167 + 182 + 120 + 130 + 136
Trimer [S i-A l-Si] + A 1(0 H)3 0 ' C" Tetramer [S i-A l-S i-A l] -324 -309 -302 -326 -317 -314
Trimer [A l-Si-A l] + Si(O H ) 3 0 Tetramer [S i-A l-S i-A l] -163 -141 -131 -145 -127 -118
Trimer [S i-A l-S i]” + A 1(0 H)3 0 * Tetramer [S i-A l-S i-A l]'' -13 -1 +4 -34 -22 -16
Trimer [S i-S i-A l] + A l(O H ),0 - C" Tetramer [A l-S i-S i-A l] -311 -299 -293 -340 -327 -321
Trimer [S i-S i-A l]” + AKOH^Q- C" Tetramer [A l-S i-S i-A l]'' +60 -7 +80 +7 +90 + 12
3MR-1A1 + S i(0 H )3 0 ” [4M R-1A1]” -101 -78 -67 -169 -148 -138
[3M R-1A1]” + S i ( 0 H ) ,0 ” [4M R-1A1]'' +287 +304 +311 + 148 + 162 + 168
Dimer [Si-A l] + Dimer [Si-Al] [4M R-1A1]-' +211 +208 +208 +221 + 189 + 176
Dimer [S i-A l]' + Dimer [Si-A l] [4MR-1A1]-'' +455 +438 +434 +424 +390 +375
Dimer [S i-A l]' + Dimer [Si-A l]'' [ 4 M R - lA lf +970 +945 +935 +953 +927 +915
A5.2: Alternative solution phase oligomerisation reactions
Reactants Products
Li Na
Eo G :98K G450K Eo G :98K G450K
Neutral Products
S itO H h C  + A l(O H ), Dimer [Si-A l] -86 -62 -52 -72 -54 -46
Dimer [Si-Si] + A l(O H L” C^ Trimer [S i-S i-A l] -47 -18 -7 -55 -27 -15
Dimer [Si-A l] + Dimer [Si-Si] Tetramer [S i-S i-A l-Si] -42 -13 + 1 -47 -15 +0
Dimer [Si-A l] + Dimer [Si-Si] Tetramer [Si-S i-S i-A l] -24 +2 + 14 -30 +4 +22
Trimer [3Si] + A 1(0H L  C Tetramer [Si-S i-S i-A l] -45 -20 -10 -51 -24 -9
Dimer [Si-A l] + Dimer [Si-A l] Tetramer [S i-A l-Si-A l] -34 -19 -12 -34 -16 -9
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Reactants Products
Li Na
Eo G298K G450K Eo G298K G450K
Dimer [Si-A l] + Dimer [Si-A l] Tetramer [A l-Si-S i-A l] -14 -9 -3 -17 -5 +5
Dimer [Si-Al] + S i(0H )4 3MR-1A1 -6 -50 -70 -8 -51 -71
Dimer [Si-Si] + A l(O H )rC * 3MR-1A1 -41 -65 -78 -44 -73 -85
Dimer [Si-A l] + A l(O H )rC " 3MR-2A1 +7 -31 -49 -6 -37 -50
Trimer [Si-A l-Si] + Si(0H )4 4MR-1A1 +6 -42 -64 + 1 -34 -47
Trimer [Si-Si-A l] + Si(0H )4 4MR-1A1 -5 -53 -75 -13 -49 -62
Trimer [3Si] + A1(0H)4~C* 4MR-1A1 -32 -73 -93 -49 -78 -89
3ring-Si + monomer-Al 4MR-1A1 -55 -38 -32 -72 -43 -28
Trimer [S i-S i-A l] + A1(0H)4"C^ 4M R-2A1 -41 -65 -77 -44 -62 -66
Trimer [Si-A l-Si] + A1(0H)4'C" 4M R-2A1 -30 -54 -66 -30 -47 -51
Trimer [Si-Si-A l] + Si(0H )4 4M R-2A1 -17 -44 -58 -25 -42 -45
3MR-1A1 +A 1(0H )4 C' 4M R-2A1 -47 -18 -6 -55 -16 +5
Charged Products
A 1 (0 H ),0 ‘ C  ^ + Si(0H )4 Dimer [Si-A l] -127 -119 -114 -138 -127 -122
A l(O H )jO -C" + Si(0 H ),0" Dim er [Si-A l]'- -70 -57 -52 -76 -59 -52
S i(0 H)3 0 ” C" + A 1(0 H)3 0 -- Dim er [Si-Al]"- -116 -98 -91 -101 -78 -68
A1(0H)4~ + S i(0 H )2 0 ;-C " Dim er [S i-A l]' -13 +3 +9 -14 +5 + 14
Dimer [S -Al] + S i(0 H ))0 " Trimer [S i-S i-A l]" -52 -44 -40 -38 -26 -17
Dimer [S -Si] + A 1(0H )30'C " Trimer [S i-S i-A l] -164 -145 -136 -172 -152 -139
Dimer [S -Al]" + Si(O H)jO " Trimer [S i-S i-A l]'- -32 -13 -6 -35 -19 -11
Dimer [S -Al] + S i(0 H )3 0 " Trimer [S i-A l-Si]" -39 -34 -32 -26 -14 -8
Dimer [S -Al]" + S i(0 H )3 0 " Trimer [Si-Al-Si]^- -34 -24 -21 -22 -16 -13
Dimer [S -Al] + A 1(0H )30‘ C" Trimer [A l-Si-A l]" -121 -108 -103 -120 -111 -107
Dimer [S -Al]" + A 1(0H )30'C " Trimer [Al-Si-Al]"- -37 -16 -7 -54 -22 -8
Dimer [S -Al] + S i(0 H )3 0 " [3M R-1A1]" -29 -62 -76 -19 -48 -61
Dimer [S -Al]" + Si(0H )4 [3M R-1A1]" -20 -48 -62 -21 -52 -65
Dimer [S -Si] + A1(0H)30^C" [3M R-1A1]" -142 -162 -172 -153 -174 -183
Dimer [S -Al]" + S i(0 H )3 0 " [3MR-1A1]'- +3 -22 -35 +4 -26 -39
Dimer [S -Al]'- + Si(0H )4 [3MR-1A1]'- -55 -84 -97 -57 -94 -110
Dimer [S -Al]" + A1(0H )4"C " [3M R-2A1]" + 10 -13 -27 + 12 -16 -28
Dimer [S -Al] + A 1(0H )30'C " [3M R-2A1]" -77 -113 -129 -85 -117 -132
Dimer [S -A l]" + A 1 (0 H )3 0 'C [3MR-2A1]^- + 12 -15 -29 +22 -8 -21
Dimer [S -Al]"- + A 1 (0 H )4 "C [3MR-2A1]^- +32 +9 -3 +59 +29 + 15
Trimer [S -Si-A l] + S i(0 H )3 0 " Tetramer [S i-Si-Si-A l] -68 -51 -44 -55 -37 -29
Trimer [3Si] + AKOHX^O' C" Tetramer [S i-Si-Si-A l] -173 -157 -150 -188 -171 -163
Trimer [S i-S i-A l]"  + SKOHl^O" Tetramer [S i-S i-S i-A l]' -47 -20 -7 -46 -23 -15
Trimer [Si-Si-A l] + S i ( 0 H ) ,0 “ Tetramer [S i-Si-A l-Si] -73 -59 -52 -62 -53 -49
Trimer [Si-A l-Si] + Si(0 H ) 4 0 Tetramer [S i-S i-A l-Si]" -61 -49 -42 -48 -39 -34
Trimer [Si-A l-Si]" + S i(0 H ),0 " Tetramer [S i-S i-A l-Si]'- -58 -35 -23 -26 -6 +0
Trimer [Si-A l-Si]" + S i(0 H )_ ,0 ' Tetramer [S i-S i-A l-Si]'- -71 -45 -32 -38 -17 -9
Trimer [Si-A l-Si] + A 1 (0 H ),0 ‘ C^ Tetramer [S i-A l-Si-A l] -147 -128 -119 -142 -130 -123
Trimer [A l-Si-A l] + S i(0 H ) ,0 " Tetramer [Si-A l-Si-AI] -57 -32 -23 -39 -20 -9
Trimer [S i-A l-S i]" + A l(0 H)3 0 " C Tetramer [S i-A l-S i-A l]' -130 -103 -91 -128 -112 -105
Trimer [Si-Si-A l] + A 1(0 H)3 0 ' C ' Tetramer [A l-Si-Si-AI] -167 -150 -143 -168 -156 -151
Trimer [S i-S i-A l]" + Al(O H)jO - C" Tetramer [A l-Si-Si-A l]'- -100 -85 -78 -116 -92 -84
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Reactants Products
Li Na
Eo G298K G450K Eo G298K G450K
3M R -lA l + S i(0 H )3 0 " [4M R-1A1L -67 -48 -39 -53 -30 -19
[3 M R -lA ir  + S i(0 H )3 0 ” [4MR-1A1]"' -30 -20 -14 -16 -12 -11
Dimer [Si-A l] + Dimer [Si-A l] [4MR-1A1]"' +0 -15 -25 +6 -15 -24
Dimer [Si-Al]"' + Dimer [Si-A l] [4MR-1A1]-'' +8 -9 -17 +7 -13 -21
Dimer [Si-Al]"' + Dimer [Si-Al]"' [4MR-1A1]"' +28 + 12 +6 +40 + 18 +8
Appendix 6: List of programs
A list o f the programs used within this study.
GULP (General Utility Lattice Program): v. 3.1.107 used for unit cell optimisations 
and V . 3.1.33 for surface simulations (includeing the new COSMIC model for 
solvation, made available by J.Gale)[l].
DL POLY: v. 2.0 used for molecular dynamics study o f Na-J(BW) (Chapter 4)[2].
CASTEP: V . 3.0 used for plane-wave DPT calculations (Chapter 6)[3]. Distributed 
under the terms o f an agreement between the United Kingdom Car-Parrinello 
(UKCP) Consortium, Daresbury Laboratory and Accelrys, Inc.
DMol^: V 3.1 [4] used for DPT calculations (Chapter 5), made available by Accelrys, 
Inc.
GSAS (General Structure Analvsis Svstem) within EXPGUI: used to perform 
structural refinement (Chapter 4). We used the version available during our study 
(freely available from CCP14 (http://www.ccp 14.ac.uk/))r5, 6].
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GDIS: V . 0.87.0[7] used as a visualiser throughout this study. This is free software, 
distributed under the terms of the GNU public license (GPL), http://www.gnu.org
MS (Materials Studio) Modeling: v. 3.0.1 and 4.0 used as a visualiser throughout this 
study, made available by Accelrys, Inc.
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Appendix 7: Input/Output
Input and output files o f our calculations presented within this study can be made 
available from the Davy Faraday Research Laboratories (DFRL) by contact with 
myself, Dervishe Halil (d.Salih@ucl.ac.uk). or Dr Ben Slater (b .siater@ucl.ac.uk).
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